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CHAPTER 1 

 

Introduction and Motivation 

 
 

1.1 Introduction 

   One of the major goals of solid state chemists has been to achieve a comprehensive 

understanding of the interrelationships among stoichiometry, crystal structure, and physical 

properties of solid state compounds.1-3 Based on fundamental understanding of these 

relationships, we can create intermetallic materials which show precisely designed crystal 

structures with properties specifically tuned for certain purposes. Intermetallic compounds 

are basically chemical substances formed when two or more metallic elements combine with 

definite compositions.4 These compounds typically show smaller heats of formation (ca. −50 

to −10 kJ/mol) than those of salts or polymeric compounds (ca. −500 to −1000 kJ/mol) and 

frequently show a homogeneity width.4 The combination of metallic elements with different 

atomic sizes, electronic configurations, and electronegativities results in a large collection of 

intermetallic compounds with known or novel structure types.5  

There exist several schemes to classify these observed intermetallic structure types 

and explain their structural features based on the idea of valence electron concentration per 

atom (vec). Two most thoroughly investigated intermetallic systems using this idea are the 

Hume-Rothery electron phases and Zintl phases. The Hume-Rothery phases represent 

intermetallic compounds which correspond to 1 < vec < 2,6 whereas Zintl phases include 

compounds whose structures are determined by the octet rule and correspond to vec > 4 for 

the electronegative components. The vec is determined in two different ways depending on 

the intermetallic phase as follow:  

a) Hume-Rothery phases (e−/atom): The vec is the ratio of the total number of 

valence electrons contributed by all atom species present to the total number of all 

atoms per formula.  
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b) Zintl phases (e−/electronegative atom):   The vec is the ratio of the total number of 

valence electrons contributed by all atom species present to the total number of 

electronegative atoms per formula.  

           There is another class of intermetallics, which is considered as an intermediate 

between Hume-Rothery phases and Zintl phases. This class of compounds is polar 

intermetallics. Since these three classes of compounds are fundamentally correlated to my 

doctoral research and frequently referred in this dissertation, a brief description of each phase 

is shown below.   

 

Hume-Rothery Phases 

          The Hume-Rothery phases can be classified as intermetallic compounds which 

correspond to a narrow range of vec between 1 and 2. This class of compounds is composed 

of late transition metals (Group 8-12) through the post-transition metals, and their structure 

types are determined by the average valence electron concentration per atom. For instance, 

compounds adopting the β-brass structure with the body centered cubic structure (b.c.c.), 

such as CuZn, Cu3Al and Cu5Sn, have the ratio of valence electrons to atoms of 3:2 (vec =  

1.5).7 On the other hand, compounds forming γ-brass structure in the Cu-Zn and Cu-Al series, 

such as Cu5Zb8, Cu9Al4 and Cu31Sn8, show the ratio of valence electrons to atoms of 21:13 

(vec = 1.61).8 Moreover, many binary compounds, which contain Cu, Ag or Au, adopt the ε-

phase with the hexagonal closest packed (h.c.p) structure and show the ratio of valence 

electrons to atoms of 7:4 (vec = 1.75).9 Structures of the Hume-Rothery phases are more 

complex than those of corresponding elements, and the different atomic sizes of the elements 

provide higher packing efficiencies for these compounds.10  

Table 1. Summary of Hume-Rothery phases with 1.0 < vec < 2.011 

Phase Type Structure vec range 
α f.c.c. 1.0-1.42 
β b.c.c. 1.36-1.59 
μ cubic 1.40-1.54 
γ b.c.c. 1.54-1.70 
δ cubic 1.55-2.00 
ξ h.c.p. 1.32-1.83 
ε h.c.p. 1.65-1.89 
η h.c.p. 1.93-2.0 
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Moreover, Hume-Rothery phases frequently show homogeneity widths, which are finite 

ranges in composition for a single phase. Table 1 summarizes the structure types with 

corresponding ranges in vec of Hume-Rothery phases.   

 

Zintl Phase 

           In 1929, Eduard Zintl published one simple, but quite significant note after he 

discovered intermetallic compounds that did not behave like typical Hume-Rothery phases, 

but rather showed salt-like properties, such as higher melting points than either elemental 

component, high heats of formation, poor conductivities and greater brittleness than normal 

metal alloys.12 Although the widely-known Hume-Rothery rules had revealed the correlation 

between structure and valence electron concentration for many intermetallic phases, many 

other intermetallic compounds that Zintl investigated could not be rationalized using the 

Hume-Rothery rules. Zintl attributed these unusual properties to the electron transfer 

occurring from the electropositive active atoms to the electronegative atoms. NaTl is an 

excellent example (see Figure 1) of Zintl phases in which the electron transfer occurs from 

the electropositive Na atoms to the electronegative Tl atoms resulting in the formula of 

Na+Tl−.13 Therefore, this structure can be described as a combination of tetravalent Tl− anions 

forming a diamond-like three-dimensional network and the void-filling Na+ cations.    
 

 

 
Figure 1. Crystal structure of NaTl. Na: gray; Tl: green. 

 

 

           As the “Zintl concept” became widely recognized, solid state chemists have been 

synthesizing and characterizing numerous intermetallic compounds to probe their unusual 
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salt-like properties. Intermetallic Zintl phases offer a large collection of structures and 

interesting electronic properties to investigate14-16 and can be classified as an intermediate 

between typical intermetallic compounds and classical ionic compounds. Zintl phases are 

typically composed of electropositive elements, such as alkali or alkaline-earth metals 

(Group 1, 2) or rare-earth metals, and electronegative elements, such as post-transition metals 

(Group 13-15). They adopt closed-shell electronic configurations and follow the Zintl-

Klemm electron counting rules,17-19 which involve formal electron transfer from 

electropositive elements to electropositive elements.20 Moreover, because of the closed-shell 

configuration, Zintl phases typically show diamagnetic and semiconducting characteristics. 

However, they can be differentiated from typical semiconductors by the distinct role of the 

electropositive elements.21 Electropositive elements in Zintl phases formally donate electrons 

to electronegative elements, which form the polyanion networks using covalent bonds, and 

are not participated in the covalent structures, but rather involved in ionic interaction with 

anions.12  

Although most Zintl phases are semiconductors, many recent reports indicate that 

metallic behavior is also observed when there is substantial “cation covalency”12,21, which 

indicates a covalency between the empty d-states of cationic elements and the occupied p-

states of anionic elements. One such example is EuGe2 (Figure 2, left), which has divalent Eu 

atoms and shows metallic behavior with antiferromagnetic ordering at ca. 50 K22. The ten-

electron [Ge2]2− substructure form a puckered three-bonded, two-dimensional nets which 

stack in an eclipsed fashion along the c-axis with Eu2+ sitting above and below these 

puckered hexagonal rings. According to the Zintl-Klemm formalism,20,23 this three-bonded, 

two-dimensional net with local trigonal pyramidal environments are well suited for five 

valence electrons per Ge atom, i.e., “Ge−.” One theoretical study22 showed that Eu 6s and 5d 

orbitals drop below the Fermi level through Eu-Ge orbital interactions and provide the 

rationale for the metallic character. 

EuGa2 is another example of a metallic Zintl phase (Figure 2, right), which adopts the 

orthorhombic KHg2-type structure with a four-bonded, three-dimensional net [Ga2]2− and 

satisfies the Zintl-Klemm formalism. This eight-electron network shows optimized Ga-Ga 
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bonding and is intrinsically metallic due to the presence of four-membered rings propagating 

along the b-axis.24  

 

 

 
 

 
Figure 2. Crystal structure of EuGe2 (left) and EuGa2 (right). Eu: gray; Ge: purple; Ga: red. 

 

 
Polar Intermetallics 

This class of compounds consists of electropositive elements, typically from one of 

the first three groups of the Periodic Table, including the rare-earth elements, combined with 

the more electropositive metals or semimetals found near the end and immediately following 

the transition series. The electronegative elements form structural fragments that often 

conform to simple electron counting rules, such as the Zintl-Klemm formalism,20,21,25 and 

give rise to an electronic structure characterized by a pseudogap in the electronic density of 

states (DOS) curve and optimized orbital interactions at the Fermi level.12 These orbital 

interactions are evaluated by the crystal orbital Hamilton population (COHP) analysis which 

allows states to be identified according to bonding, nonbonding, or antibonding character of 

the interatomic orbital interactions.26 On the other hand, the electropositive metals act like 

cations, which simply donate valence electrons to the electronegative components as in 

classical valence compounds or Zintl phases. However, in polar intermetallic compounds the 

electron transfer is not the full complement of valence electrons, but it provides “lattice 

stabilization” via orbital interactions between cation-anion.21,26 The presence of the 

pseudogap at the Fermi level can lead to potentially interesting physical properties, especially 

if rare-earth metals serve as the active metal because of partially filled 4f bands.27 In general, 

polar intermetallics can be considered as a bridge compounds between classical intermetallic 
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compounds on the one side, e.g., Hume-Rothery phases and Laves phases, and Zintl phases 

on the other side.20,21,25 

 

1.2 Preview of Research Project  

In my research, I have systematically investigated the Eu(M1−xM’x)2 phases, where M 

and M’ are elements from Group 12-14, to study interrelationships among atomic, electronic, 

and possible magnetic structures in various [(M1−xM’x)]2− networks by changing either atomic 

size or valence electron count, or both. Throughout this investigation, I have characterized: 1) 

the nine-electron series EuGaTt (Tt = Si, Ge, Sn) as only atomic sizes were changed by 

substituting Tt; 2) a systematic structural variation within the Eu(Zn1−xGe x)2 series as valence 

electron count varied by altering stoichiometry; and 3) different structural trends for two 

isoelectronic Eu(Ga1−xTt x)2 (Tt = Si, Ge) series as two controllable factors varied 

simultaneously. The overall systems covered in this investigation are illustrated in Figure 3. 

Other parts of my research focused on the coloring problem in the YMg1−xZn1+x and YMgTr 

(Tr = Al, Ga, In) series, and the phase width and site preferences in the EuMgxGa4−x series. 

During these experiments, several different conventional, high-temperature solid-state 

synthetic methods were carried out to produce the target compounds.  

 

             
Figure 3. Schematic diagram of the Eu(M1−xM’x)2 series 

 

EuZn2       EuTt2 

EuZnGa Eu(Ga1−xTtx)2 

Eu(Zn1−xGex)2 

(KHg2-type) 

(AlB2-type) 

(KHg2-type) 

(KHg2-type, AlB2-type) 

(AlB2-type, YPtAs-type, superstructure) 

(Si: ThSi2-type, Ge: EuGe2-type) 
[6e−] [8e−] 

[8e−] 

[9e −] 

[10e−] 

[7e−] 
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These include arc-melting under an argon atmosphere, induction-melting under vacuum (ca. 

5 × 10−5 Torr) and regular melting using a high temperature resistance furnace. For 

induction-melting and regular melting methods, Ta ampoules, which were sealed by arc-

melting and then enclosed in evacuated silica jackets, were used as reaction containers. 

Annealing procedures were conducted when it was necessary. More detailed experimental 

procedures are described in the following chapters. 

Synthesized compounds were characterized by both powder and single crystal X-ray 

diffraction, either at low or room temperature, for crystal structure determination as well as 

by various chemical and physical property measurements, which include energy-dispersive 

X-ray spectroscopy (EDXS) for chemical compositions, X-ray absorption spectroscopy 

(XAS) for the oxidation state of the Eu atoms, temperature-dependent magnetic susceptibility 

for magnetic ordering and the oxidation state of Eu atoms, and temperature-dependent 

resistivity. Quantum-mechanical calculations were performed to gain insights into the 

electronic structures and chemical bondings of observed and hypothetical structure models 

using ab-initio methods, such as tight-binding, linear muffin-tin orbital (TB-LMTO) and 

Vienna ab-initio simulation package (VASP) codes, and a semi-empirical method, such as 

the extended Hückel code. Computational calculation results were carefully analyzed based 

on the band structure, density of states (DOS), crystal orbital Hamilton population (COHP) 

curves, electron localization function (ELF) and valence electronic density maps.    

This dissertation consists of eight chapters, all of which include experimental and 

theoretical studies as well as physical property investigations for novel polar intermetallics 

and Zintl phases. A brief summary of each chapter is described below: 

Chapter 2: Experimental and theoretical studies of the EuGaTt (Tt = Si, Ge, Sn) 

series as atomic sizes was changed by substituting Tt to see the influence 

of atomic size for layered structures 

Chapter 3: Experimental studies of the Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) series as valence 

electron count varied by altering stoichiometry, and application and 

limitation of the Zintl-Klemm concept to understand an observed 

systematic structural variation     
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Chapter 4: Theoretical studies for the Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) series using TB-

LMTO and VASP codes for observed and hypothetical structure models 

to understand the phase width and site preferences  

Chapter 5: Investigation of the Eu(Ga1−xTtx) (Tt = Si, Ge; 0 ≤ x ≤ 1) series as two 

controllable factors (atomic sizes and valence electron count) varied 

simultaneously, and the results comparison with two previously 

investigated series  

Chapter 6: A study of the coloring problem in the YMg1−xZn1+x and YMgTr (Tr  = 

Al, Ga, In) series using experimental and theoretical methods 

Chapter 7: Experimental and theoretical investigations for the EuMgxGa4−x series 

from the perspective of particular chemical bondings to understand 

observed phase width and site preferences   
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CHAPTER 2 

 

Planar vs. Puckered Nets in the Polar Intermetallic Series  

EuGaTt (Tt = Si, Ge, Sn) 
 

Modified from a paper published in Inorganic Chemistry 

 

Tae-Soo You,2,4 Yuri Grin,3 and Gordon J. Miller2,5 

 

2.1 Abstract 

The ternary polar intermetallic compounds EuGaTt (Tt = Si, Ge, Sn) have been 

synthesized and characterized experimentally as well as theoretically. EuGaSi crystallizes in 

the hexagonal AlB2-type structure (space group P6/mmm, Z = 1, Pearson symbol hP3) with 

randomly distributed Ga and Si atoms on the graphite-type planes; a = 4.1687(6) Å, c = 

4.5543(9) Å. On the other hand, EuGaGe and EuGaSn adopt the hexagonal YPtAs-type 

structure (space group P63/mmc, Z = 4, Pearson symbol hP12): a = 4.2646(6) Å and c = 

18.041(5) Å for EuGaGe; a = 4.5243(5) Å and c = 18.067(3) Å for EuGaSn.  The three 

crystal structures contain formally [GaTt]2− polyanionic 3-bonded, hexagonal networks, 

which change from planar to puckered and exhibit a significant decrease in interlayer Ga-Ga 

distances as the size of Tt increases. Magnetic susceptibility measurements of this series of 

compounds show Curie-Weiss behavior above 86(5) K, 95(5) K and 116(5) K with the 

magnetic moments of 7.93μB, 7.97μB, and 7.99μB for EuGaSi, EuGaGe and EuGaSn, 

respectively, indicating a 4f7 electronic configuration (Eu2+) for Eu atoms. X-ray absorption 

spectra (XAS) are also consistent with these magnetic properties. Electronic structure 

_______________ 
1Reproduced with permission from Inorganic Chemistry, 2007, 46, 8801-8811. Copyright 2007 American Chemical Society.  
2Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
3 Professor, Max-Planck-Institute für Chemische Physik fester Stoffe, Dresden, Germany 
4 Primary researcher and author 
5 Author for correspondence 
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calculations supplemented by a crystal orbital Hamilton population (COHP) analysis 

identifies the synergy between atomic sizes, from both Eu and Tt atoms, and the orbital 

contributions from Eu toward influencing the structural features of EuGaTt.  A multi-

centered interaction between planes of Eu atoms and the [GaTt]2− layers rather than through-

space Ga-Ga bonding is seen in electron localization function (ELF) distributions.    

 

2.2 Introduction 

Polar intermetallic compounds offer a growing collection of diverse structures and 

interesting physical properties to investigate.1-3 These compounds consist of an 

electropositive metal, typically from one of the first three groups of the Periodic Table, 

including the rare-earth elements, combined with the more electronegative metals found 

around the Zintl line.  As a classification of chemical compounds, such phases can be 

considered as a bridge between intermetallic compounds like Hume-Rothery phases or Laves 

phases on the one side,2 and Zintl phases on the other side.4  Although most Zintl phases are 

semiconducting, many recent reports indicate that metallic behavior is common when there is 

substantial “cation covalency”.5,6 One such example is EuGe2, which shows metallic 

behavior with antiferromagnetic ordering at ca. 50 K and divalent Eu.7 The ten-electron 

[Ge2]2− network forms puckered 3-connected layers stacked in an eclipsed fashion with Eu 

atoms sitting above/below the puckered six-membered rings.  According to the Zintl-Klemm-

Busmann electron counting scheme,4,8 the three-bonded, pyramidal environment surrounding 

each Ge atom is well suited for five valence electrons per Ge atom, i.e., “Ge−.” A previous 

theoretical study showed that crystal orbitals with substantial Eu 5d orbital contributions drop 

below the Fermi level through Eu-Ge orbital interactions to provide the rationale for its 

metallic character.7 Another example is EuGa2, which adopts the orthorhombic KHg2 

structure, with a 3D, 4-connected net [Ga2]2−. The 8-electron network shows optimized 

bonding and is intrinsically metallic due to the presence of four-membered rings.9  

As part of an investigation of Eu(M1−xM′x)2 phases, where M and M′ are elements 

from Group 12-14, to study the interrelationships among valence electron count, magnetic 

order and chemical bonding in various [(M1−xM′x)2]2− networks, we have characterized the 

nine-electron series EuGaTt (Tt = Si, Ge, Sn).  Recent studies on the series of ternary 



www.manaraa.com

   12

silicides AEGaSi (AE = Ca, Sr, Ba),10 which are isoelectronic to EuGaGe, revealed that these 

compounds adopt the AlB2-type structure with no preferred ordering of Ga and Si atoms in 

the graphite-type network.11-15  These compounds are related to the superconducting AEAlSi 

(AE = Ca and Sr), which are being investigated for their similarities to superconducting 

MgB2.16 As reported herein, puckering of the graphite-type sheet occurs for the heavier 

tetralides Tt, and we discuss the influence of atomic size and electronic factors on the 

structural features of EuGaTt compounds. 

 

2.3 Experimental  

2.3.1 Synthesis and Chemical Analysis.  

EuGaSi, EuGaGe and EuGaSn were synthesized from the pure elements in the molar 

ratio Eu:Ga:Tt (Tt = Si, Ge, Sn) = 1:1:1; Eu (Ames Laboratory, rod, 99.99%), Ga (Ames 

Laboratory, ingot, 99.99%), Si (Aldrich, piece, 99.999%), Ge (Alfa, piece, 99.999%) and Sn 

(Ames Laboratory, ingot, 99.99%). Pellets weighing 1.0 ± 0.2 g and containing 

stoichiometric mixtures of the corresponding elements were arc-melted under a high purity 

argon atmosphere on a water-cooled copper hearth, and was re-melted six times after turning 

to ensure homogeneity. During this procedure, we observed weight losses of ca. 0.4-0.7 

weight percent; preparation of these materials in sealed Ta ampoules using either a high-

frequency induction furnace or a conventional tube furnace yielded identical products, but 

crystals extracted from these products were less suitable for subsequent diffraction 

experiments (see supporting information for further details about preparation methods and 

characterization of these products).  During this series of experiments, we found that 

Eu(Ga1−xSix)2 showed a homogeneity range for the AlB2-type structure. Thus, eight 

additional samples with different compositions (0 ≤ x ≤ 1) were prepared to check the range 

of substitution. Moreover, Eu(Ga1−xGex)2 displays structural sensitivity depending upon the 

different compositions (0 ≤ x ≤ 1). However, we focus here just on compounds with 

equiatomic composition; the others will be discussed in a subsequent paper. Based on powder 

X-ray diffraction patterns for these equiatomic products, EuGaSi and EuGaSn products 

showed proper crystallinities to obtain accurate lattice parameters and to pursue single crystal 

X-ray diffraction investigations, whereas the EuGaGe product showed poor crystallinity. 
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Therefore, only the EuGaGe pellet was wrapped with tantalum foil and annealed at 350 ºC in 

an evacuated fused silica jacket for one week to improve its crystallinity. After heating, the 

furnace was turned off and allowed to cool down to room temperature. All three products 

appear to be stable to exposure to both air and moisture over several weeks. Analysis by 

energy-dispersive X-ray spectroscopy (EDXS) was conducted on a Hitachi S-2460N 

variable-pressure scanning electron microscope (SEM) with an Oxford Instruments Link Isis 

Model 200 X-ray analyzer. The corresponding pure elements were used as standards for 

intensity references.  

 

2.3.2 Crystal Structure Determination 

EuGaTt (Tt = Si, Ge, Sn) were characterized by both powder and single crystal X-ray 

diffraction. Phase purity and lattice parameters were carried out on a Huber G670 Guinier 

image-plate powder diffraction camera applying monochromatic Cu Kα1 radiation (λ = 

1.54059 Å). The step size was set at 0.005°, and the exposure time was 2 hours. Data 

acquisition was controlled via the in situ program. The powder pattern of EuGaSn compound 

showed a trace of Eu2O3 impurity. However, the lattice parameters obtained from the 

Rietveld refinements of the three X-ray patterns using program Rietica17 were in very good 

agreement to the results of single crystal X-ray diffraction.   

 For single crystal X-ray diffraction experiments, several silvery plate- and needle-

shaped crystals were selected from crushed samples.  The crystals were checked for crystal 

quality by a rapid scan on a Bruker SMART Apex CCD diffractometer with Mo Kα1 

radiation (λ = 0.71073 Å), and then the best crystals were chosen for further data collection at 

293(2) K. Single crystal X-ray diffraction data of EuGaGe and EuGaSn were collected from 

three sets of 606 frames on a full sphere with 0.3° scans in ω and with an exposure time of 10 

sec per frame. Single crystal X-ray diffraction data of EuGaSi were collected on a STOE 

IPDS diffractometer from two sets of 180 frames with an exposure time of 1 min for each 

frame. The angular range of 2θ was 4-56° for EuGaGe and EuGaSn and 4-70° for EuGaSi.  

        Intensities were extracted and then corrected for Lorentz and polarization effects 

using the SAINT program.18 The program SADABS18 was used for empirical absorption 

correction. The entire sets of reflections of the three compounds were matched with the 
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hexagonal crystal system. After further analysis, the space group P6/mmm was chosen for 

EuGaSi, whereas P63/mmc was selected for EuGaGe and EuGaSn. The structures were 

solved by direct methods and refined on F2 by full-matrix least-squares methods using the 

SHELXTL software package.19 During the refinement process of EuGaGe, the Ga and Ge 

atoms could not be distinguished because the X-ray scattering factors for Ga and Ge atoms 

differ by at most 3.1%. Interatomic distances within a unit cell were also not useful to 

distinguish Ga and Ge atoms because of their similar covalent radii: r(Ga) = 1.25 Å and 

r(Ge) = 1.22 Å.20 However, electronic structure calculations performed on several structural 

models with different possible Ga and Ge atomic positions indicate that the atomic 

coordinates reported in Table 2 create the most energetically favorable structure. Details of 

those calculations are discussed in a subsequent section. In addition, evaluating 

corresponding displacement parameters indicates preference for the distribution seen in 

EuGaSn, (see the “Discussion” section below). The chemical composition obtained from 

EDXS analysis, Eu1.00(1)Ga1.01(2)Ge0.99(3), very well matched the loading composition.  
 

2.3.3 X-ray Absorption Spectroscopy (XAS)  

XAS measurements on the Eu LIII edge were conducted at the EXAFS beam-line A1 

of HASYLAB at DESY (Hamburg, Germany). Samples were ground together with dry B4C 

powder before the measurements. Wavelength selection was realized by means of a double-

crystal Si(111) monochromator of four crystal modes with digitally stabilized components. 

The resolution was about 2 eV (FWHM) at the Eu LIII edge of 6977 eV. Eu2O3 was used as a 

reference during the measurement.   

 

2.3.4 Magnetic Susceptibility Measurement  

Temperature dependent magnetic susceptibility measurements were conducted using 

a Quantum Design, MPMS-5 SQUID magnetometer. The measured temperature range was 

1.8 K−300 K with a magnetic field range of 0.1−5.5 T. Magnetic measurements were carried 

out on bulk samples (approximately 300 mg) from the same preparations as the one used for 

powder diffraction experiments.   
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2.3.5 Computational Details  

Tight-binding, linear muffin-tin orbital (TB-LMTO) calculations21 were carried out in 

the atomic sphere approximation (ASA) using the Stuttgart program.28 Exchange and 

correlation were treated by the local spin density approximation (LSDA).22 All relativistic 

effects except spin-orbit coupling were taken into account by using a scalar relativistic 

approximation.23  

       In the ASA method, space is filled with overlapping Wigner-Seitz (WS) atomic spheres. 

The symmetry of the potential is considered spherical inside each WS sphere, and a 

combined correction is used to take into account the overlapping part.24 The radii of WS 

spheres were obtained by requiring that the overlapping potential be the best possible 

approximation to the full potential, and were determined by an automatic procedure.24 This 

overlap should not be too large because the error in kinetic energy introduced by the 

combined correction is proportional to the fourth power of the relative sphere overlap. No 

empty spheres (ES)21 were used, but the overlapping maximum was adjusted to fill up the 

interstitial space in the unit cell of EuGaGe and EuGaSn. The WS radii are as follows: for 

EuGaSi, Eu = 2.22 Å, Ga = 1.35 Å and Si = 1.44 Å; for EuGaGe, Eu1 = 2.24 Å, Eu2 = 2.14 

Å, Ga = 1.45 Å and Ge = 1.49 Å; for EuGaSn, Eu1 = 2.11 Å, Eu2 = 2.09 Å, Ga = 1.62 Å and 

Sn = 1.77 Å. The basis sets included 6s, 6p and 5d orbitals for Eu; 4s, 4p and 4d orbitals for 

Ga; 3s, 3p and 3d orbitals for Si; 4s, 4p and 4d orbitals for Ge; 5s, 5p and 5d orbitals for Sn. 

The Eu 6p, Ga 4d, Si 3d, Ge 4d and Sn 5d orbitals were treated by the Löwdin downfolding 

technique;21-23 and the Eu 4f wavefunctions were treated as core functions occupied by 7 

electrons. The crystal orbital Hamilton populations (COHP) curves25 and the integrated 

COHP values (ICOHPs) were calculated to determine the relative influences of various 

interatomic orbital interactions. For the computation of electronic densities of states (DOS), 

band structures and COHP curves, the 4f electrons of Eu were treated as core electrons. The 

k-space integrations were performed by the tetrahedron method.26 The self-consistent charge 

density was obtained using 210 irreducible k-points in the Brillouin zone for the hexagonal 

cell. The contribution of the nonspherical part of the charge density to the potential was 

neglected. The spin-polarized calculations have been performed on each structure. 
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       The electron localization function27a (ELF, η) was evaluated within the TB-LMTO-

ASA program package28 with an ELF module already implemented. To better understand 

features of chemical bonding in these phases, a topological analysis of ELF was conducted 

with the program Basin.29 The integrated electron density in each basin, which is defined by 

the surface of zero flux in the ELF gradient, analogous to the procedure proposed by Bader 

for the electron density,30 provides the basic information of electron counts for each basin, 

and additionally describes the bonding situation. The software Amira31 was used to visualize 

ELF distributions. 

 

2.4 Results and Discussion 

2.4.1 Structures  

EuGaTt (Tt = Si, Ge, Sn) crystallize in two different types of structures correlating to 

the different atomic sizes of Tt: (1) the AlB2-type structure for EuGaSi and (2) the YPtAs-

type structure for EuGaGe and EuGaSn. Important crystallographic data, atomic positions, 

selected interatomic distances and thermal displacement parameters for EuGaSi, EuGaGe 

and EuGaSn are listed in Tables 1-3. 

EuGaSi. EuGaSi adopts a ternary version of the hexagonal AlB2-type structure with a 

honeycomb-like [ ]2 GaSi
∞

 planar layer as shown in Figure 1; the separation between adjacent 

planes is 4.5543(9) Å. During this investigation, we observed that EuGaSi is one example of 

a homogeneity range, Eu(Ga1−xSix)2 with x = 0.165-0.862, adopting the AlB2-type structure.32 

Ga and Si atoms randomly occupy the 2d site in the unit cell. Therefore, many different local 

environments at each atomic site are possible. If Ga-Si interactions are preferred over Ga-Ga 

and Si-Si interactions, then we would expect to observe a superstructure with a c-axis length 

twice the observed value33 and space group P63/mmc as in ZrBeSi.34 However, we find no 

additional X-ray reflections to suggest a doubling of the c-axis. For the possibility of in-plane 

ordering, the unit cell can be refined in the space group 6 2P m ,34 which is the highest 

translationengleiche subgroup of P6/mmm in which the 2d site of P6/mmm splits into two 

distinct sites, 1d and 1f.  However, for EuGaSi in 6 2P m , each site was refined as the same 

50:50 mixture of Ga and Si atoms. 
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Table 1. Crystallographic data for EuGaTt (Tt = Si, Ge, Sn). 

 EuGaSi EuGaGe EuGaSn 

Formula mass (g mol−1) 249.77 294.27 340.37 

Space group P6/mmm (no.191) P63/mmc (no.194) P63/mmc (no.194) 

Lattice parameters (Å) a = 4.1687(6)  a = 4.2646(6) a = 4.5243(5) 

 c = 4.5543(9) c = 18.041(5) c = 18.067(3) 

Volume (Å3) 68.541(19)  284.15(9)  320.27(7) 

Z 1 4 4 

Density calc. (g cm−3) 6.051 6.879 7.059 

Diffractometer STOE IPDS SMART Apex SMART Apex 

2θ range  (º) 4.48-69.64 4.48-55.94 5.0-55.88 

Index ranges 
−6 ≤ h ≤ 6,  
−6 ≤ k ≤6,  
−6 ≤ l ≤7 

−5 ≤ h ≤ 5,  
−5 ≤ k ≤5,  
−23 ≤ l ≤ 23 

−5 ≤ h ≤ 5,  
−5 ≤ k ≤5,  
−20 ≤ l ≤23 

Reflections collected 1988 2203 1713 

Independent reflections 86 [Rinit = 0.076] 169 [Rinit = 0.043] 185 [Rinit = 0.030] 

Data/Refined parameters 86/7 169/12 185/11 

Goodness-of-fit on F2 1.185 1.259 1.297 

Final R indices [I > 2σ(I)] 
R1 = 0.015,  
wR2 = 0.032 

R1 = 0.025,  
wR2 = 0.050 

R1 = 0.029,  
wR2 = 0.057 

R indices (all data) 
R1 = 0.015,  
wR2 = 0.032 

R1 = 0.032,  
wR2 = 0.053 

R1 = 0.036,  
wR2 = 0.059 

Largest diff. peak and hole (e−/Å3) 0.844 / −0.705  0.800 / −0.969 1.496 / −2.123 
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Table 2.  Atomic coordinates and equivalent displacement parameters for EuGaTt (Tt = Si, Ge, Sn). 

Atom Wyckoff position x y z Ueq
a 

EuGaSi 

Eu 1a 0 0 0 0.010(1) 

Ga/Si 2d 1/3 2/3 1/2 0.017(1) 

EuGaGe 

Eu(1) 2a 0 0 0 0.010(1) 

Eu(2) 2b 0 0 1/4 0.010(1) 

Ga 4f 2/3 1/3 0.1467(1) 0.014(1) 

Ge 4f 1/3 2/3 0.1142(1) 0.010(1) 

EuGaSn 

Eu(1) 2a 0 0 0 0.013(1) 

Eu(2) 2b 0 0 1/4 0.010(1) 

Ga 4f 2/3 1/3 0.1620(1) 0.014(1) 

Sn 4f 1/3 2/3 0.1168(1) 0.011(1) 

      a Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 

 

Table 3. Selected interatomic distances, bond and torsion angles for EuGaTt (Tt = Si, Ge, Sn). 

 EuGaSi  EuGaGe EuGaSn 

Ga-Tt (Å) 2.4068(3)  2.5312(7) 2.7369(7) 

Ga-Ga (Å) 4.5543(9)  3.726(1) 3.178(1) 

Eu-Ga/Si (Å) 3.3133(4) Eu(1)-Ga (Å) 3.615(1) 3.924(1) 

  Eu(1)-Tt (Å) 3.210(1) 3.3585(7) 

  Eu(2)-Ga (Å) 3.088(1) 3.057(1) 

  Eu(2)-Tt (Å) 3.474(1) 3.5512(8) 

Ga-Tt-Ga (°) 120.0   114.79(4) 111.49(4) 

Torsion Angle 
(Ga-Tt-Ga-Tt; °) 

0  43.8 54.7 
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Figure 1.  Crystal structures of EuGaSi, EuGaGe and EuGaSn and coordination environments at the Eu atoms. 
Eu: gray; Ga/Si: green; Ga: red; Ge: purple; Sn: yellow. 
 

 

  The U33/U11 ratio for the Ga/Si mixed site is large, which can indicate a tendency 

toward puckering the 63 anionic nets. To check the possibility of puckering, we refined the 

structure in space group 3 1P m , which allowed the z-coordinate of the Ga/Si sites to refine: 

the result is z = 0.5002(3).  Therefore, we describe the unit cell of EuGaSi in the space group 

P6/mmm where Ga and Si atoms are randomly distributed within the honeycomb net. Each 

Ga or Si atom is surrounded by three other main group atoms at the distance of 2.4068(3) Å. 

This distance is shorter than the sum of covalent radii of Ga and Si, which is 2.42 Å (r(Ga) = 

1.25 Å, r(Si) = 1.17 Å20), implying significant interactions exist within the hexagonal layer.  

EuGaGe and EuGaSn. EuGaGe and EuGaSn crystallize in the hexagonal YPtAs type of 

crystal structure which can be described as a puckered derivative of the AlB2-type structure 

(see Figure 1).35,36 The Ga and Ge/Sn atoms form puckered three-bonded, alternating 

hexagonal layers. Furthermore, the observed puckering mode locates Ga atoms closer 

(3.726(1) and 3.178(1) Å, respectively, for EuGaGe and EuGaSn) and Ge/Sn atoms farther to 

each other between adjacent layers. These Ga-Tt distances increase from EuGaGe to EuGaSn 

EuGaGe EuGaSnEuGaSi 
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(see Table 3).  Thus, as the Ga-Tt distance increases within the puckered sheets, the Ga-Ga 

distance decreases between adjacent sheets.  

 Since we observed a relatively high U33/U11 ratio at the Ga site in EuGaGe, we 

attempted to refine a structure with a split Ga site.  Although we were able to lower the R 

value from 2.45% to 2.40% with two additional parameters, a Hamilton significance test37 

suggested that the decrease of R value related to the additional parameters was not a 

significant improvement. Therefore, in the absence of any other reason to split the Ga site, 

we will use the originally refined structure.  

 The indistinguishable atomic positions for Ga and Ge in EuGaGe can be 

differentiated for Ga and Sn in EuGaSn and agree with total energies obtained from 

electronic structure calculations. However, we could distinguish Ga and Ge atomic positions 

based on the differential isotropic thermal displacement parameters, U11, at two 4f sites. 

Refinements of structures with either only Ge atoms or only Ga atoms at the two 4f sites in 

the asymmetric unit produced smaller U11 values at the Ga site than at the Ge site by 25% 

and 33%, respectively, suggesting lower electron accumulation at the Ga site. However, we 

observed equal U11 values at the two 4f sites when we differentiated the Ga and Ge atomic 

positions as shown in Supplementary Material (Table S2).  

 There are two distinct coordination environments at the Eu sites, as also shown in 

Figure 1: Eu(1) is surrounded by an octahedron of six Ge or Sn atoms; whereas Eu(2) is 

surrounded by six Ga atoms forming a trigonal prism. As listed in Table 3, the nearest 

neighbor distances of these two Eu coordination polyhedra change in opposing fashion: Eu-

Ge/Sn distances for the octahedra increase while Eu-Ga distances in the trigonal prisms 

decrease from EuGaGe to EuGaSn.  

 Along the entire EuGaTt series, as the size of the Tt atom increases, the torsion angle 

of the polyanion layer increases indicating the change from planar to moderately puckered, 

then strongly puckered layers. The torsion angles of the puckered hexagonal layers in 

EuGaGe and EuGaSn can be compared with several known analogues, such as CaGaGe and 

SrGaSn.38  These compounds show increasing torsion angles from 42.20° (CaGaGe) and 

43.80° (EuGaGe) to 54.70° (EuGaSn) and 56.07° (SrGaSn) as the size of active metal or Tt 

atom increases (ionic radii: r(Ca2+) = 1.06Å, r(Eu2+) = 1.12Å, r(Sr2+) = 1.27Å; covalent radii: 
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r(Ge) = 1.22 Å, r(Sn) = 1.40Å).20 In addition, going from EuGaSi to EuGaGe and EuGaSn, 

the lattice parameter a increases whereas the average separation between [ ]2 GaTt
∞

 sheets, as 

measured either by c for EuGaSi or c/4 for EuGaGe and EuGaSn, decreases. The interlayer 

Ga-Ga distance between adjacent hexagonal layers significantly decreases as the size of Tt 

atom increases. 

 For comparison, the gallium monochalcogenides, GaS,39 GaSe,40 HT-GaTe,41 

represent a series isoelectronic with EuGaTt (HT-GaTe is reported as the “high temperature” 

form; at ambient conditions, the crystal structure of GaTe is monoclinic42).  These binary 

compounds adopt structures closely related to the [GaGe] and [GaSn] networks in EuGaGe 

and EuGaSn, but not the [GaSi] framework in EuGaSi.  In GaX (X = S, Se, Te), however, the 

[ ]2 GaX
∞

 sheets are significantly more puckered as evidenced by the Ga-X-Ga angles (all ca. 

100°) and their corresponding torsion angles (all ca 76°).  As the size of X increases, the Ga-

X distances increase from 2.332 Å (GaS) to 2.453 Å (GaSe) to 2.612 Å (GaTe), whereas the 

Ga-Ga separation varies as 2.449 Å (GaS), 2.444 Å (GaSe), and 2.714 Å (GaTe).  Therefore, 

the Ga-Tt distances in EuGaTt fall in a similar range to the Ga-X contacts in GaX, but the 

corresponding Ga-Ga distances are much longer in the EuGaTt series.  We will explore the 

chemical bonding issues in EuGaTt in a subsequent section of this paper. 
 

2.4.2 Magnetic Susceptibilities  

Temperature dependent magnetic susceptibilities and reciprocal susceptibilities of all 

three compounds are measured at 0.1 T and shown in Figure 2. The susceptibility curves 

show essentially Curie-Weiss behavior in the corresponding paramagnetic regions with 

ferromagnetic (FM) behavior for EuGaSi and EuGaGe and antiferromagnetic (AFM) 

behavior for EuGaSn at low temperatures. Magnetization measurements as a function of 

external field (0-5.5 T) at 2 K confirmed these magnetic ordering characteristics for each 

compound. Fitting linear 1/χ vs. T curves above ca. 120 K give effective magnetic moments 

to be 7.93(1)μB for EuGaSi, 7.97(1)μB for EuGaGe, and 7.99(1)μB for EuGaSn, moments 

which are all very close to the value of the Eu2+ free ion, 7.94 μB, to indicate a 4f7 electronic 

configuration for Eu.  
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Figure 2. Temperature dependence of the magnetic susceptibilities and the reciprocal susceptibilities for 
EuGaSi, EuGaGe and EuGaSn. 
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Small shoulders observed in the χ(T) curves for EuGaSi and EuGaSn arise from trace 

amounts of EuO, which is reported to show FM ordering at ca. 70 K.43-45 This impurity can 

also be observed in the powder X-ray diffraction pattern of EuGaSn, but it is not noticeable 

in the pattern of EuGaSi. Since a small amount of EuO exists in products (according to 

powder X-ray pattern), it can not significantly affect the results of magnetic susceptibility 

measurements of major phases. Both EuGaSi and EuGaGe show Curie-Weiss behavior, 

respectively, at temperature above 86(5) K and 95(5) K. Below those temperatures, the 

susceptibilities become dependent on the external magnetic field and show FM ordering with 

θp = + 8.8(5) K for EuGaSi and with θp = + 14.5(5) K for EuGaGe. EuGaSn is Curie-Weiss 

paramagnetic above 116(5) K, but shows AFM ordering with θp = −15.2(5) K. 

 

2.4.3 Eu LIII XAS Measurements   

As shown in Figure 3, sharp absorption maxima are observed at ca. 6977 eV for all 

three EuGaTt (Tt = Si, Ge, Sn) samples, which indicates a 4f7 electronic configuration at the 

Eu atoms for the entire series.   
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Figure 3.  XAS spectra of EuGaTt (Tt = Si,Ge,Sn). 
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These results are consistent with the magnetic susceptibility data. Small shoulders 

observed at approximately 10 eV higher than the main absorption peak are due to the 

existence of small traces of other form of Eu impurity which is Eu2O3 (electronic 

configuration 4f 6, Eu3+) in all three samples.      

 

2.4.4 Electronic Structure Calculations  

To investigate the electronic structure and chemical bonding features that contribute 

to the structural trends and atomic distributions in EuGaTt, TB-LMTO-ASA electronic 

structure calculations using spin-polarized LSDA were carried out on observed crystal 

structures as well as on several hypothetical structural models.  For these systems, the DOS 

curves for the majority and minority spin states differed only slightly, so subsequent DOS 

curves illustrate their superpositions. 

EuGaSi.  X-ray diffraction results concluded complete absence of ordering of Ga and Si in 

this AlB2-type structure. Therefore, we constructed three ordered, model structures for 

EuGaSi, which are illustrated in Figure 4.  In all three models we fixed every [ ]2 GaSi
∞

 layer 

to be ordered with only Ga-Si contacts (an alternant 63 net). For the isoelectronic system, 

MAlSi (M = Ca, Sr), Mazin and Papaconstantopoulos investigated the influence of in-plane 

ordering using the virtual crystal approximation to average Al and Si.  They concluded that 

in-plane Al-Si ordering did not affect the band structures or DOS curves of these systems 

significantly.46   

Our three models differ from each other in how these alternant 63 sheets stack along 

the c-axis: (1) alternating to create just Ga⋅⋅⋅Si interactions between planes; space group 

P63/mmc, Z = 2; (2) eclipsed to create Ga⋅⋅⋅Ga and Si⋅⋅⋅Si interactions between planes; space 

group 6 2P m , Z = 1; and (3) 1:1 intergrowth of models (1) and (2) to create Ga⋅⋅⋅Si, Ga⋅⋅⋅Ga, 

and Si⋅⋅⋅Si interactions between planes; space group P63/mmc, Z = 4.  Model 3 has a unit cell 

that resembles most closely the structures of EuGaGe and EuGaSn.  The calculated total 

energies give Model 1 as slightly more energetically favorable than both Model 2, by just 

0.75 meV/formula unit (f.u.), and Model 3 by 0.14 meV/f.u. 
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Figure 4.  Three structural models of EuGaSi. See text for detailed descriptions. Eu: gray; Ga: red; Si: green. 

             

          Figure 5 illustrates DOS and −COHP curves for Model 1, where the Fermi level (EF) is 

the reference energy value in these curves.  Throughout the entire DOS curve, there is 

significant mixing between valence orbitals of Eu and Ga/Si atoms. The region below ca. 

−1.0 eV displays significant contributions from Ga and Si atoms, whereas the region above 

ca. −1.0 eV is dominated by valence orbitals at Eu. In the occupied region of the DOS curve, 

there are three principal segments: (a) a bonding valence 3s-4s band between ca. 8.0 and 10.5 

eV below EF; (b) a bonding 3p-4p band between ca. 1.0 and 7.0 eV below EF ; and (c) a Eu 

5d band around EF. A deep minimum (almost a “pseudogap”) in the DOS curve at ca. 1.0 eV 

below EF corresponds to a valence band filling of 8 valence electrons per formula unit, which 

nearly matches the top of the Ga-Si bonding states shown in the adjacent −COHP curve.   

In fact, the Fermi level for EuGaSi falls in the Ga-Si nonbonding region, whereas the 

Eu-Ga and Eu-Si −COHP curves indicate bonding states at the Fermi level. Interrogation of 

the DOS curve and the electronic band structure (available in Supplementary Material) 

reveals that Ga-Si σ-bonding bands span the region between ca. 1.0 and 7.0 eV below EF 

(segment (b) above), and Ga-Si π-bonding bands start ca. 5 eV below EF.  Orbital 

interactions between [ ]2 GaSi
∞

 planes along the c-axis take place primarily via the intervening 

Eu atoms, such that a Eu 5d band drops below EF.  Therefore, Ga-Si orbital interactions are 

predominantly two-dimensional in character.47 

Model 1 (P63/mmc, Z = 2) Model 3 (P63/mmc, Z = 4)Model 2 ( 6 2P m , Z = 1)
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Figure 5. DOS and −COHP curves for EuGaSi. (Left) Total DOS (solid line), Eu PDOS (white region), Ga 
PDOS (gray region) and Si PDOS (black region). (Right) Ga-Si, Eu-Ga and Eu-Si COHP curves. The Fermi 
level is indicated by the dashed line and is the energetic reference (0 eV). 

 

 The strong doubled peak in the DOS has two origins: (1) from a nearly flat band 

composed of valence px and py orbitals from Ga and Si along the ΓM line in the first Brillouin 

zone, a band that remains relatively flat up to the AL line at the zone boundary; and (2) a 

nearly dispersionless band valence pz orbitals from Ga and Si along the ΓK line.  This second 

band shows nearly zero dispersion through changing overlap with Eu 5d orbitals along the 

ΓK direction.  A “fatband” analysis 21,28 of the electronic band structure for EuGaSi is 

available in Supplementary material. These peaks are a distinct feature of the DOS curves for 
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AlB2-type structures with large “cations,” e.g., BaAlSi,48  A study of the electronic structures 

of AEAlSi (AE = Ca, Sr, Ba)44 showed a distinct change in corresponding DOS curves as the 

size of AE changed.  In BaAlSi, an energy gap opened for 8 valence electrons, with a sharp 

double peak in the DOS just below this gap.   

 

 
Figure 6.  Four structural models of EuGaGe.  See text for detailed descriptions.  Eu: gray; Ga: red; Ge: purple. 

 

The DOS curves for SrAlSi and CaAlSi showed no energy gap and a much reduced 

peak. Reasons for the differences in AEAlSi include (a) decreasing bandwidths for the 

occupied valence bands as the AE size increases due to smaller Al-Si orbital overlaps; and (b) 

increased orbital mixing between the valence pz orbitals of the Al-Si network and the valence 

d orbitals of the AE atoms.  We continue to investigate how such subtle interactions can 

impact structural features and physical properties in these and related polar intermetallic 

systems.  

EuGaGe and EuGaSn. Both EuGaGe and EuGaSn, which are isoelectronic to EuGaSi, 

crystallize in the YPtAs-type structure instead of the AlB2-type structure. The [ ]2 GaTt
∞

 

sheets are no longer planar, and interlayer Ga⋅⋅⋅Ga contacts at 3.726(1) and 3.178(1) Å in 

Model 2  

+ 160 meV/f.u. 
Model 1 Model 4 

+ 72 meV/f.u. 
Model 3 

+ 58 meV/f.u. 
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EuGaGe and EuGaSn, respectively, suggest an attractive, albeit weak, interaction at least for 

EuGaSn.  

 

 
Figure 7. DOS and COHP curves for EuGaGe. (Left) Total DOS (solid line), Eu PDOS (white region), Ge 
PDOS (black region) and Ga PDOS (gray region). (Right) Ga-Ge, Ga-Ga, Eu-Ga and Eu-Ge COHP curves. Ga-
Ga −COHP curve is magnified by ten times for comparison. The Fermi level is indicated by the dashed line and 
is the energetic reference (0 eV). 

 

To explore these distinct features as well as to identify the most favorable atomic 

distributions, the total energies of four structural models of EuGaTt shown in Figure 6 have 

been calculated by TB-LMTO-ASA calculations. the corresponding −COHP curves are quite 

similar to those for EuGaSi: the Ga-Ge and Eu-Ge contacts are nearly optimized in both. To 

understand the origin of the energy difference between Models (1) and (2), the corresponding 
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ICOHP values are listed in Table 4 to compare the various orbital interactions within each 

model. According to these results, Ga-Ge, Eu-Ge and Eu-Ga interactions are attractive in 

both models, whereas the Ga-Ga interaction between [ ]2 GaGe
∞

 sheets only in Model (1) is 

(weakly) attractive.  The Ga-Ga −COHP curve (see Figure 7) crosses from bonding to 

antibonding states at the Fermi level. These interactions lead to the different coordination 

environments at the Eu sites, and the observed puckering of the [ ]2 GaGe
∞

 sheets. 

 
Table 4. Integrated crystal orbital Hamiltonian population (ICOHP) values per bond for Models 1 and 2 of 
EuGaGe. Negative and positive ICOHP values represent, respectively, net bonding and antibonding interactions. 
 

Model 1  Model 2 

Bond Distance (Å) ICOHP  Bond Distance (Å) ICOHP 

Ga-Ge 2.5314(7) − 0.2007  Ga-Ge 2.5314(7) − 0.2022 

Ga-Ga 3.726(1) − 0.0109  Ga-Ga 4.800(1) + 0.0024 

Ge-Ge 4.800(1) + 0.0043  Ge-Ge 3.726(1) + 0.0034 

Eu(2)-Ga 3.087(1) − 0.0560  Eu(1)-Ga 3.087(1) − 0.0590 

Eu(1)-Ge 3.210(1) − 0.0645  Eu(2)-Ge 3.210(1) − 0.0626 

 

2.4.5 Chemical Bonding Analysis  

Polar intermetallic compounds, like the EuGaTt examples reported in this work, often 

adopt structures in accord with the Zintl-Klemm concept.4,8  The success of this electron 

counting rule is high when the compounds show semiconducting (nonmetallic) behavior, but 

frequently require modification or explanation when the compounds are metallic – such is the 

anticipated case for EuGaTt. Magnetic and spectroscopic measurements confirm the 4f7 

configuration at the Eu sites, so we can formulate the main group component as [GaTt]2−, 

which is assigned 9 valence electrons. According to the Zintl-Klemm concept,8 the three-

connected 63 nets would then be formulated as [(3b)Ga2−(3b)Tt−] = [GaTt]3−, which is 
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optimized for 10 valence electrons.  For planar 63 nets, as in graphite, the following 

formulation becomes more realistic as π-interactions become influential: [(‘4b’)Ga−(‘4b’)Tt0] 

= [GaTt]−, and is optimized for 8 valence electrons.  Clearly, the EuGaTt series is an 

intermediate case. 
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Figure 8.  (a) Model structure, ( )2 4

2GaGe
−

∞
⎡ ⎤⎣ ⎦ and (b) model structure, ( )2 4

2Eu GaGe
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∞
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COOP analysis of Ga-Ge, Ga⋅⋅⋅Ga, and Ge⋅⋅⋅Ge contacts as the unit cell parameter a varies.   
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The DOS curves for EuGaTt all show minima in the DOS at 8 valence electrons, and 

is deepest for EuGaSi, which partially substantiates the simple electron counting rule. 

EuGaSi differs from EuGaGe and EuGaSn in how the additional valence electron is used for 

chemical bonding: puckering of the 9-electron [GaGe]2− and [GaSn]2− sheets to give Ga⋅⋅⋅Ga 

contacts implies the formulations [(4b)Ga−(3b)Ge−] and [(4b)Ga−(3b)Sn−].  

However, these Ga⋅⋅⋅Ga contacts exceed 3.0 Å, which is not consistent with 2-center, 

2-electron bonding between these Ga atoms. No such distortion occurs in EuGaSi, which 

resembles the situation in 9-electron AlB2. The isoelectronic gallium monochalcogenides, 

GaX (X = S, Se, Te), follow the Zintl-Klemm formalism more closely than EuGaTt: the Ga-

Ga distances are less than 2.75 Å, so the formulation would be [(4b)Ga−(3b)X+]. However, 

the formal charges assigned to each site violate expectations from electronegativity 

arguments.  The limiting ionic formulation is Ga2+X2−.  Since there are no Tt-Tt contacts in 

EuGaTt, we may consider the formulation Eu2+Ga2+Tt4−, but this is certainly an extremely, 

and highly unrealistic picture of the bonding situation.8 

 Extended Hückel (EHT) calculations49,50 on two model structures derived from 

EuGaGe can provide some preliminary insights into the factors influencing how these layers 

shift away from planar configurations. These model structures consist of two planar, alternant 

[ ]2 2GaGe −

∞
63 nets stacked in an eclipsed fashion to give inter-planar Ga⋅⋅⋅Ga and Ge⋅⋅⋅Ge 

contacts (see Figure 8); the two cases differ by whether or not there are Eu atoms inserted 

between these planes.  For the calculations, the inter-planar distance was kept fixed at 4.00 Å, 

while the a-axis was varied.  Trends in crystal orbital overlap population (COOP) values for 

Ga-Ge, Ga⋅⋅⋅Ga and Ge⋅⋅⋅Ge contacts are plotted as a function of lattice constant. When no 

Eu atoms occur between these planes, the results show that as the Ga-Ge distance increases, 

the corresponding inter-planar Ga⋅⋅⋅Ga overlap population is significantly bonding and also 

increases while the Ge⋅⋅⋅Ge overlap population remains nearly zero, i.e., essentially 

nonbonding.  With inserted Eu atoms, the Ga⋅⋅⋅Ga overlap populations drop to nonbonding 

values.  In this case, both Ga⋅⋅⋅Ga and Ge⋅⋅⋅Ge contacts are weakly repulsive, with the 

stronger orbital repulsions occurring within the Ge⋅⋅⋅Ge contacts.  Thus, this semi-empirical 
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analysis suggests that the puckering is influenced by Eu-Ga and Eu-Ge interactions rather 

than through-space Ga⋅⋅⋅Ga interactions. 

 

2.4.6 Bonding Analysis by the Electron Localization Function (ELF)   

              Because the formation of an electron pair is the key element of the models for the 

chemical bond, it becomes possible to describe chemical bonding using so-called bonding-

detector functions, e.g., the Electron Localization Function (ELF)27a or the Electron 

Localizability Indicator (ELI)27b, both of which are related to the motion of electron pairs in a 

chemical system.  In this bonding analysis of EuGaTt, we use the system of tools based on 

ELF.  In the ELF representation, the elements of chemical bonding are consequently derived 

by employing the topological features of the bonding-detector function. The directed 

interaction between atoms in a chemical structure, i.e., a molecule or extended solid, can be 

distinguished in real space. Maxima of the ELF in the valence region (valence shells) or/and 

structurization of the penultimate (outer core) shell27c provide signatures for directed 

(covalent) bonding.  The ELF tools are especially suitable to detect directed (covalent) 

bonding in materials with bands that are not fully occupied or are strongly overlapping, a 

situation which is typical for intermetallic compounds. The analysis of the topology of ELF 

can be combined with the consecutive integration of the electron density in “basins,” which 

are bound by zero-flux surfaces in the ELF gradient field.  This procedure, similar to the one 

proposed for electron density,30 allows assignment of an electron count for each basin, 

revealing basic information about chemical bonding. This combined application of ELF 

together with electron density offers the possibility of Zintl-like electron counts for a large 

group of intermetallic phases and of getting access to a bond definition in real space for 

complex structures. Reviews on the application of ELF for different kinds of bonding 

situations are available;27d for more details, see http://www.cpfs.mpg.de/ELF.   

 The ELF can be illustrated in two distinct ways: (1) as surfaces corresponding to a 

single ELF value (“isosurfaces”); and (2) as a slice through the structure. To achieve further 

insights into the valence region along the EuGaTt series, especially between Ga atoms, the 

ELF has been analyzed in detail for EuGaSi and EuGaSn (EuGaSn was selected because the 

interlayer Ga⋅⋅⋅Ga contact is significantly shorter than the corresponding distance in EuGaGe). 

http://www.cpfs.mpg.de/ELF�
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To have a reference system with puckered main group 63 nets for comparison, an ELF 

analysis on EuGe2 was also conducted. 

 

 
Figure 9.  ELF distribution (color scale indicated) in EuGe2; Eu sites: red spheres; Ge sites: green spheres. 
ELF isosurfaces (η = 0.56), colored in yellow, produce lone pair attractors (2.49 e−) and Ge-Ge bond pair 
attractors (1.76 e−).  A (110) ELF surface is also illustrated.   
 

 
EuGe2. The topological analysis of ELF reveals four attractors, which are defined as local 

maxima of ELF values, around each three-bonded Ge atom as shown in Figure 9. One lone 

pair-like attractor is located above (or below) the atom along [001] and three other attractors 

are symmetrically located at Ge-Ge contacts within the hexagonal layer. Integration of the 

total electron density within each basin, which is defined by zero-flux surfaces in the ELF 

gradient, gives the valence electron counts of 2.49 electrons for the lone pair-like attractor 

and 1.76 electrons for the Ge-Ge bond attractors. Thus, the total valence electron count for 

η = 0.56 

2.49 e- 1.76 e- 

0 1 



www.manaraa.com

   34

valence shell basin sets is 5.13 electrons per Ge atom (= 2.49 e− (“lone pair”) + 3 × 1.76 e− / 

2 (“bond pairs”)), which can be written as Ge1.13. 

 

 
 

       η = 0.80 
       

               

 
 

      η = 0.57 
 

 
Figure 10.  ELF distribution (color scale indicated) in EuGaSi; Eu sites: red spheres; Ga sites: green spheres; 
Si sites: blue spheres. ELF isosurfaces (η = 0.80 and 0.57), colored, respectively, in white and yellow, produce 
attractors associated with Si and Ga atoms.  A (110) ELF surface is also illustrated.   

0 1 
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As a result, the bonding situation in EuGe2 may be described as Eu2.26+[Ge1.13−]2, which 

agrees reasonably well with a Zintl-Klemm representation as Eu2+[Ge−]2.    

EuGaSi. (Figure 10) ELF attractors are located around the three-bonded Ga and Si atoms 

within the planar polyanionic layers. Unlike EuGe2, lone pair-like attractors are observed 

symmetrically above and below both Ga and Si atoms along [001] together with bond 

attractors on each Ga-Si bond. Integration of the total electron density of lone-like attractors 

around Ga and Si atom and the Ga-Si bond attractors results in values of 3.81 electrons for 

the valence shell basins of Ga and 5.32 electrons for the valence shell basins of Si for a 

formulation of Eu2.13+[Ga0.81−Si1.32−] with roughly divalent Eu atoms. 

 

 
Figure 11.  (a) ELF distribution of EuGaSn (LMTO calculations) in the (110) plane; (b) ELF isosurface (η = 
0.53) interspersed with (110) ELF distribution; (c) One-half of a unit cell of EuGaSn with ELF isosurface (η = 
0.51) based on a FPLO calculation. Eu(1) sites: red spheres; Eu(2) sites: green spheres; Ga sites: blue spheres; 
Sn sites: black spheres. 

0 1 

(a)  (b) (c) 

η = 0.53 η = 0.51 (110) contour map  
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 EuGaSn. (Figure 11) The positions of ELF bond attractors around three-bonded Ga 

and Sn atoms are similar to those in EuGe2 and EuGaSi. Since the extent of puckering for 

each [ ]2 GaSn
∞

 layer is between that of EuGe2 and EuGaSi, we observe lone pair-like 

attractors on Ga and Sn atoms along [001].  The lone pair-like attractors at each Ga site face 

each other as shown in Figure 11b and show two maxima within this pair. Clearly, the 

Ga⋅⋅⋅Ga contact does not show a bond attractor as seen for the Ga-Sn contacts. Integration of 

the total valence electron density in the basins was performed as described earlier for EuGe2 

and EuGaSi and formulated EuGaSn to be Eu2.12+[Ga0.54−Sn1.58−]. This type of interaction is 

also observed in a full-potential local orbital calculation (FPLO), which confirms the 

existence of two separate attractors between Ga atoms as shown in Figure 11c.  Therefore, 

this interaction cannot be identified as a two-center, two-electron bond.  Rather, we suggest 

these interlayer Ga⋅⋅⋅Ga interactions to be described as two distinct four-center interactions 

involving one Ga atom and three Eu atoms forming a distorted tetrahedral surrounding of this 

attractor. This is well in accord with the population analysis from both TB-LMTO-ASA and 

EHT revealing a pronounced Eu-Ga and Eu-Ge interaction and an essentially nonbonding 

Ga-Ga interaction.  We continue to explore this unusual interaction with theoretical 

calculations and high pressure experiments on EuGaTt.  

 

2.5 Summary 

         Three ternary compounds EuGaTt (Tt = Si, Ge, Sn) were prepared and their crystal 

structures were characterized by powder and single crystal X-ray diffraction. EuGaSi 

crystallizes in the AlB2-type structure with a planar hexagonal layer consisting of randomly 

distributed Ga and Si atoms, whereas EuGaGe and EuGaSn adopt the YPtAs-type of crystal 

structure with puckered polyanionic layers composed of ordered Ga and Ge/Sn atoms. Based 

on the crystal structure refinement, two distinct coordination environments at Eu, octahedral 

and trigonal prismatic, were found in EuGaGe and EuGaSn.  Electronic factors are influential 

to direct the distribution of Ga and Tt atoms in these structures, which also affect local 

structural distortions.  An unusual four-center interaction is revealed by ELF calculations.  
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Supplementary Material 

Comment S1.  Alternative Synthetic Approaches and Characterization 

          A certain amount of weight loss is inevitable during arc-melting (ca. 0.4-0.7 wt % loss 

out of total 1 ± 0.2 g samples), although low current was used (20 A) for these experiments 

due to potential volatility of Eu. Based on the X-ray diffraction analysis and chemical 

analysis (e.g. EDS), all of the compounds crystallized in single phase products with 

equiatomic compositions.  

          In addition, all three compounds were prepared in sealed Ta tubes using a high-

frequency  (HF) induction furnace or a conventional tube furnace at elevated temperatures. 

However, this approach did not generally obtain a homogeneous product or better 

crystallinity for the target compositions. No difference was observed between products from 

arc-melting and sealed tubes in terms of the crystal structure and the composition for 

EuGaGe.  It is possible that optimizing synthetic or annealing temperatures could be 

achieved to obtain homogeneous target compounds, but the arc-melted products provided 

samples suitable for subsequent characterization.  However, at this time, we are not certain 

whether observed, mixed-phase products are due to inaccurate temperature profiles or 

intrinsic properties of the components.  Moreover, unlike EuPtGe where Eu boils (1537 °C) 

even before Pt melts (1769 °C) resulting in inaccurate compositions of the product, the 

melting points of Si, Ga, Ge and Sn are lower than the boiling point of Eu. Thus, weight loss 

of products seems to occur mainly after each ternary compound was produced.       

Experimental methods and powder X-ray patterns, which are not included in a manuscript, 

are summarized below for comparison.  

 

EuGaSi 

- Method 1: arc-melting (20 A)  

- Method 2: HF induction furnace (1500 °C, 15 min)  

- Powder X-ray pattern comparison: Two patterns are almost identical except small peaks  

  around 2θ = 31° and 38° in method 2. Method 1 gives a single phase product. 
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EuGaGe 

- Method 1: arc-melting (20 A) + annealing (350°C, 7 days) 

- Method 2: cylinder-furnace  

 
- Method 3: HF induction furnace (1100°C, 15 min) + annealing (650°C, 3 hrs) 

- Powder X-ray pattern comparison: Method 1 and 2 show almost identical single phase 

powder patterns. However, method 3 gives mixed phases.   

 
 

 

 

 

 

Method 1 

Method 2 

25 °C 

1050 °C 1050 °C 

650 °C 650 °C 

7 days 
3 hrs 

48 hrs 

2 hrs 
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EuGaSn 

- Method 1: arc-melting (20 A)  

- Method 2: HF induction furnace (950 °C, 15 min) + annealing (500°C, 2 hrs) 

- Powder X-ray pattern comparison: Mixed phases are observed in methods 2. Method 1  

gives a single phase of target compound.  

 

 
 

 

 

Method 1 

Method 2 
Method 3 

Method 1 

Method 2 
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Table S2.  Lattice constants as determined by single crystal and powder X-ray diffraction for EuGaTt (Tt = Si, 
Ge, Sn). 

Compound EuGaSi EuGaGe EuGaSn 

Analysis Eu1.00Ga1.00Si1.00 Eu1.00Ga1.00Ge1.00 Eu1.00Ga1.00Sn1.00 

 Single 
Crystal 

Powder Single 
Crystal 

Powder Single 
Crystal 

Powder 

a (Å) 4.1686(6) 4.1699(5) 4.2646(6) 4.2690(2) 4.5243(5) 4.5313(3) 

c (Å) 4.5543(9) 4.5634(6) 18.041(5) 18.1237(2) 18.067(3) 18.0662(3) 

c/a or 4a 1.0925 1.0944 1.0575 1.0613 0.9983 0.9967 

 

 
Table S3. Anisotropic displacement parameters (Å2) for EuGaTt (Tt = Si, Ge, Sn).  The exponent of the 
anisotropic displacement factor takes the form:  −2π2[h2a*2U11 + ··· + 2 hka*b*U12 ].  For these space groups, 
U13 and U23 = 0. 

Atom U11 = U22 U33 U12 

EuGaSi 

Eu 0.011(1) 0.009(1) 0.005(1) 

Ga/Si 0.010(1) 0.032(1) 0.005(1) 

EuGaGe 

Eu(1) 0.009(1) 0.011(1) 0.005(1) 

Eu(2) 0.009(1) 0.010(1) 0.005(1) 

Ga 0.008(1) 0.026(1) 0.004(1) 

Ge 0.008(1) 0.014(1) 0.004(1) 

EuGaSn 

Eu(1) 0.013(1) 0.013(1) 0.006(1) 

Eu(2) 0.010(1) 0.011(1) 0.005(1) 

Ga 0.009(1) 0.024(1) 0.005(1) 

Sn 0.009(1) 0.013(1) 0.005(1) 
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Figure S4. Magnetization measurements as a function of external field (0-5.5 T) at 2 K for EuGaTt (Tt = Si, 

Ge, Sn). 
EuGaSi 
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Figure S5. Electronic energy band structures of EuGaSi, model (1), with fatband contributions for px and py 
orbitals (top) and pz orbitals (bottom) from Ga and Si, using the TB-LMTO-ASA method in the LSDA. 
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Figure S6. Electronic energy band structure of EuGaGe using the TB-LMTO-ASA method in the LSDA. 
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Figure S7. Electronic energy band structure of EuGaSn using the TB-LMTO-ASA method in the LSDA. 
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CHAPTER 3 

 

To What Extent Does the Zintl-Klemm Formalism Work?  

The Eu(Zn1−xGex)2 Series 
 

A paper to be submitted to Journal of the American Chemical Society 

 

Tae-Soo You,1,2 and Gordon J. Miller1,3 

 

 

3.1 Abstract 

The series of ternary polar intermetallics Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) has been 

investigated and characterized by powder and single crystal X-ray diffraction as well as 

physical property measurements.  For 0.50(2) ≤ x ≤ 0.75(2), this series shows a homogeneity 

width of hexagonal AlB2-type phases (space group P6/mmm, Pearson symbol hP3) with Zn 

and Ge atoms statistically distributed in the planar polyanionic 63 nets.  As the Ge content 

increases in this range, a decreases from 4.3631(6) Å to 4.2358(6) Å, while c increases from 

4.3014(9) Å to 4.5759(9) Å, resulting in an increasing c/a ratio. Furthermore, the Zn−Ge 

bond distance within the hexagonal net drops significantly from 2.5190(3) Å to 2.4455(3) Å, 

but the anisotropy of the displacement ellipsoids significantly increases along the c-direction.  

At lower and higher values of x, respectively, orthorhombic KHg2-type and trigonal EuGe2-

type phases are observed as one of the majority phases in corresponding product mixtures. 

Temperature-dependent magnetic susceptibility measurements for two AlB2-type compounds 

show Curie−Weiss behavior above 40.0(2) K and 45.5(2) K with magnetic moments of 

7.98(1) μB for Eu(Zn0.48(2)Ge0.52(2))2 and 7.96(1) μB for Eu(Zn0.30(2)Ge0.70(2))2, respectively, 

_______________ 
1 Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
2 Primary researcher and author 
3 Author for correspondence 
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indicating a (4f)7 electronic configuration for Eu atoms (Eu2+).  The Zintl-Klemm formalism 

accounts for the lower limit of Ge content in the AlB2-type phases, but does not identify the 

observed upper limit. In a companion paper, the intrinsic relationship among chemical 

structures, compositions, and electronic structures are analyzed by theoretical electronic 

structure calculations of several models of these phases and discussed to provide 

comprehensive interpretation of these structural results.   

 

3.2 Introduction 

Polar intermetallic compounds represent a growing collection of inorganic solids to 

investigate relationships among structure, physical properties and chemical bonding.1 They 

involve combinations of electropositive elements, i.e., alkali-, alkaline-earth or rare-earth 

elements, with electronegative metals close to the Zintl line. The electronegative metals 

typically form networks that either conform to simple electron counting rules, such as the 

Zintl-Klemm formalism,2−4 or give rise to an electronic structure characterized by a 

pseudogap in the electronic density of states curve and optimized orbital interactions at the 

Fermi level.5 The electropositive metals formally act like cations, as in classical valence 

compounds (Zintl phases), by providing their valence electrons to influence the structure of 

the electronegative component.  Their surroundings also involve large coordination numbers. 

However, unlike Zintl phases, these “active” metals do not transfer all valence electrons to 

the electronegative component, but are involved in “lattice covalency” through their valence 

orbitals.6 The presence of the pseudogap at the Fermi level can lead to potentially interesting 

physical properties, especially if rare-earth metals serve as the active metal due to partially 

filled 4f bands.7 In general, polar intermetallics can be considered as a compound class 

intermediate between classical intermetallic compounds, such as Hume-Rothery electron 

phases, and Zintl-Klemm compounds.2−4    

         During our systematic investigation of the Eu(M1−xM′x)2 series (M, M′ = Group 12−14 

elements) to study the correlation among atomic, electronic, and possible magnetic structures 

by varying atomic sizes and valence electron counts, we have observed a systematic 

structural variation within the Eu(Zn1−xGex)2 system as x increases from the KHg2-type to the 

AlB2-type and, finally, the EuGe2-type structure. These structure types differ in the networks 
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formed by the electronegative components: (a) the KHg2-type shows a four-bonded, three-

dimensional (4b-3D) net with locally distorted tetrahedral coordination; (b) the AlB2-type 

contains three-bonded, two-dimensional (3b-2D) planes with trigonal planar coordination; 

and (c) the EuGe2-type exhibits 3b-2D puckered nets with local trigonal pyramidal 

environments. The transition from planar to puckered three-connected nets has been 

discussed frequently in the literature,8 and is clearly related to the concentration of valence s 

and p electrons. In a recent study of EuGaTt (Tt = Si, Ge, Sn),9 atomic size also influences 

puckering of 3b-2D nets, which is further mediated by the role of valence orbitals at the 

active metal site by creating multi-centered interactions. In this paper, we have attempted to 

reduce the atomic size factor and to focus on valence electron count in the Eu(Zn1−xGex)2 

series. The Eu(Zn1−xGex)2 compounds adopting the AlB2-type phase are related to the 

superconducting AEAlSi (AE = Ca and Sr)10−14, which are recently receiving attention for 

their similarity to superconducting MgB2
15 with respect to their atomic structures and valence 

electrons counts.  

 

3.3 Experimental  Section 

3.3.1 Synthesis and Chemical Analysis  

Fifteen compositions along the Eu(Zn1−xGex)2 series (0 ≤ x ≤ 1) were prepared using 

corresponding stoichiometric molar ratios of the pure elements (Eu: Ames Laboratory, 

99.99%; Zn: Alfa, 99.999%; and Ge: Alfa, 99.999%) by induction-melting. Reactant 

mixtures were loaded into tantalum ampoules, which were sealed by arc-melting in an argon-

filled glove box with the concentration of O2 lower than 10 ppm. The tantalum ampoules 

were then sealed in evacuated silica jackets to prevent oxidation. EuZn2,16 Eu(Zn1−xGex)2, and 

EuGe2
17 were heated, respectively, to 880°C, 1100°C, and 1050°C, and held at these 

temperatures for 15 min. Then, all products were allowed to cool to room temperature, and 

no subsequent annealing process was needed for any of the products, according to powder X-

ray diffraction. All products remain visibly stable upon exposure to both air and moisture 

over several weeks. Analysis by energy-dispersive X-ray spectroscopy (EDXS) was 

conducted on a Hitachi S-2460N variable-pressure scanning electron microscope (SEM), 
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equipped with Oxford Instruments Link Isis Model 200 X-ray analyzer. The corresponding 

pure elements were used as standards for intensity references.   

 
3.3.2 Crystal Structure Determination  

The Eu(Zn1−xGex)2 series was characterized at room temperature by both powder and 

single crystal X-ray diffraction. Powder X-ray diffraction patterns were collected with a 

Huber G670 Guinier image-plate powder diffraction camera equipped with monochromatic 

Cu Kα1 radiation (λ = 1.54059 Å). The step size was set at 0.005°, and the exposure time was 

1-2 h. Data acquisition was controlled via the in situ program. The crystal systems and the 

lattice parameters were determined by Rietveld refinement using the program Rietica.18 

These powder X-ray diffraction patterns were used to check the number and identity of 

phases in product mixtures, as well as to compare lattice parameters with subsequent single 

crystal refinements. The two binary compounds, EuZn2 and EuGe2, as well as several multi-

phase products were characterized solely by powder X-ray patterns.   

         For single crystal X-ray diffraction experiments of the AlB2-type phases, several silvery 

lustrous crystals were selected from the cast of each product. The quality of each crystal was 

checked by a rapid scan on a Bruker SMART Apex CCD diffractometer with Mo Kα 

radiation (λ = 0.71073 Å). The best crystals were selected for further analysis, and then data 

were collected at 293(2) K using either a Bruker SMART Apex CCD diffractometer or a 

STOE IPDS diffractometer. On the Bruker SMART Apex CCD diffractometer, data were 

collected in a full sphere and harvested by taking three sets of 606 frames with 0.3° scans in 

ω and with an exposure time of 10 s per frame. On the STOE IPDS diffractometer, data from 

two sets of 180 frames were collected with an exposure time of 3 min for each frame. The 

angular range of 2θ was 9.0-70.0° for all compounds.  

         Intensities of the entire sets of reflections were extracted and corrected for Lorenz and 

polarization effects using the SAINT program,19 and absorption was corrected empirically 

with the program SADABS.19  The space group was determined by program XPREP in the 

SHELXTL software package.20 All structures were solved by direct methods and refined on 

F2 by full-matrix least-squares methods using the SHELXTL software package.20 The entire 

sets of reflections of Eu(Zn1−xGex)2 for 0.50(2) ≤ x ≤ 0.75(2) were matched with the 
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hexagonal crystal system. Further analysis led us to choose P6/mmm (AlB2-type), in which 

Eu atoms are located at the origin (1a sites) of the hexagonal unit cells, and Zn and Ge atoms 

are statistically situated at x = 1/3, y = 2/3, and z = 1/2 (2d sites) with no preferred ordering. 

For the region below x = 0.50(2), the hexagonal phase (AlB2-type) coexisted with the 

orthorhombic phase EuZn2. On the other hand, in the region above x = 0.75(2), the trigonal 

phase EuGe2 appeared as a secondary phase in product mixtures. Anisotropic displacement 

parameters of the Zn/Ge site along the c-axis are larger than those along a- and b-axis in Ge-

rich composition of the AlB2-type phases. This can indicate the tendency of puckering of 

anionic nets as previously observed by Pöttgen.21 To check the possibility of puckering, 

space groups P63mc and 3 1P m  with a free atomic coordinate for the Zn/Ge atoms along the c-

axis were used for structural refinements. However, these refinements located the Zn/Ge 

atoms at z = 0.4994(7).  Moreover, an electron density contour map in the ac-planes located 

at x = 1/3 and x = 2/3 showed just a single maximum at the Zn/Ge positions centered at z = 

1/2 ± 0.0006(7) rather than two separated maxima. Therefore, P6/mmm is chosen to be the 

most appropriate space group for structural refinement. Given the similar scattering factors of 

Zn and Ge, these atoms cannot be differentiated in the X-ray diffraction experiment. 

Therefore, we assumed that Zn and Ge atoms were statistically distributed within the 

hexagonal net according to the stoichiometric ratio provided by EDXS analyses during the 

refinement processes.  

 

3.3.3 Physical Property Measurements  

Temperature-dependent magnetic susceptibility measurements for two compounds, 

Eu(Zn0.48(2)Ge0.52(2))2 and Eu(Zn0.30(2)Ge0.70(2))2, were conducted using a Quantum Design, 

MPMS-5 SQUID magnetometer. The measured temperature range was 1.8–300 K with a 

magnetic field of 0.1 T. Magnetic measurements were carried out on bulk samples 

(approximately 300 mg) from the same preparations as the one used for powder diffraction 

experiments. Temperature-dependent electrical resistivities of Eu(Zn0.45(2)Ge0.55(2))2 and 

Eu(Zn0.33(2)Ge0.67(2))2 were measured by the electrode-less “Q” method with the aid of a 

Hewlett-Packard 4342A Q-meter.22 Approximately 110 mg of each sample ground with a 

grain diameter between 180 and 200 μm was mixed with chromatographic alumina and 
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sealed into a Pyrex tube. The measurement was conducted at 34 MHz over the temperature 

range of ca. 110–230 K. 

 

3.4 Results and Discussion 

Along the series Eu(Zn1−xGex)2, we observed five distinct regions of phase behavior 

according to X-ray powder diffraction, shown in Figure 1. Three of these regions indicate 

single-phase behavior, while the other two regions exhibit two-phase features: (1) x = 0 in 

Figure 1a, i.e., EuZn2, exhibits the orthorhombic KHg2 structure type; (2) 0 < x < 0.50(2) 

patterns, as in Figure 1b, contain orthorhombic KHg2-type and hexagonal AlB2-type 

characteristics; (3) 0.50(2) ≤ x ≤ 0.75(2) in Figures 1c and 1d is a single phase region with 

patterns matching the AlB2 structure type; (4) 0.75(2) < x < 1 patterns as in Figure 1e, have 

hexagonal AlB2-type and trigonal EuGe2-type features; and (5) x = 1 in Figure 1f, i.e., EuGe2, 

forms the trigonal EuGe2 structure type. All Rietveld refinements of powder diffraction 

patterns produced lattice parameters in very good agreement with those obtained from single 

crystal X-ray diffraction experiments throughout the entire series, as listed in Table 1. The 

crystallographic results of four distinct single crystal specimens adopting the AlB2-type 

structure are summarized in Tables 2 and 3. 

 

3.4.1 Regions (1) and (2): Eu(Zn1−xGex)2 

For the x = 0 case, EuZn2 crystallizes in the orthorhombic KHg2-type structure (space 

group Imma) shown in Figure 2 (left) as originally proposed,16 and the powder X-ray 

diffraction pattern is displayed in Figure 1a. The KHg2-type structure is closely related to the 

hexagonal AlB2-type structure because both structure types contain 63 anionic nets stacked in 

an eclipsed manner with larger atoms located between these nets.23 The hexagonal nets in 

EuZn2 are puckered in a manner to create Zn−Zn contacts between nets and a distorted 

tetrahedral environment at each Zn atom. This puckering is expected based on how closely 

these sheets approach each other along the stacking direction, i.e., the b-axis, which can be 

measured by the b/2a ratio (these fall under the (c/a)* column in Table 1 as an analogy to the 

c/a ratios for the hexagonal and trigonal phases).8 
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Table 1. Lattice Constants and Unit Cell Volumes as Determined by Single and Powder X-ray Diffraction for 
Eu(Zn1−xGex)2 (0 ≤ x ≤ 1).  V* = volume per formula unit; (c/a)* = c/a for hexagonal AlB2-type and = b/2a for 
orthorhombic KHg2-type samples. 

x 
(loaded) 

x 
(EDXS) 

Structure 
Type Sample a (Å) b (Å) c (Å) (c/a)* (Å) V* (Å3) 

0.00 0.00(2) KHg2 powder 4.7313(6) 7.6444(9) 7.6564(9) 0.808 69.23(2) 

0.17 

 KHg2 powder 4.6964(3) 7.6249(5) 7.7269(6) 0.812 69.18(1) 

0.49(2) AlB2 
powder 4.3692(2) 4.3692(2) 4.3000(2) 0.985 71.090(5) 

single 
crystal 4.3649(6) 4.3649(6) 4.2955(8) 0.984 70.881(2) 

0.30 

 KHg2 powder 4.6770(2) 7.6346(4) 7.7604(4) 0.816 69.28(1) 

0.50(2) AlB2 
powder 4.3670(2) 4.3670(2) 4.3098(1) 0.987 71.179(3) 

single 
crystal 4.3631(6) 4.3631(6) 4.3014(9) 0.986 70.913(2) 

0.40 

 KHg2 powder 4.6617(5) 7.6283(8) 7.7830(1) 0.818 69.19(2) 

0.50(2) AlB2 
powder 4.3668(1) 4.3668(1) 4.3187(1) 0.989 71.32(1) 

single 
crystal 4.3635(4) 4.3635(4) 4.2981(5) 0.985 70.87(2) 

0.45 
 KHg2 powder 4.6443(1) 7.5996(1) 7.7438(1) 0.818 68.33(1) 

0.50(2) AlB2 powder 4.3549(3) 4.3549(3) 4.2998(3) 0.987 70.62(1) 

0.50 0.52(2) AlB2 
powder 4.3577(2) 4.3577(2) 4.3239(1) 0.992 71.108(4) 

single 
crystal 4.3552(8) 4.3552(8) 4.3187(1) 0.991 70.941(4) 

0.55 0.55(2) AlB2 
powder 4.3137(2) 4.3137(2) 4.4036(2) 1.021 70.961(1) 

single 
crystal 4.3116(6) 4.3116(6) 4.4179(1) 1.025 71.125(2) 

0.60 0.60(2) AlB2 
powder 4.3035(1) 4.3035(1) 4.4584(2) 1.036 71.51(1) 

single 
crystal 4.3031(5) 4.3031(5) 4.4407(8) 1.032 71.210(6) 

0.65 0.67(2) AlB2 
powder 4.2581(3) 4.2581(3) 4.5221(5) 1.062 71.01(0) 

single 
crystal 4.2554(4) 4.2554(4) 4.5154(3) 1.061 70.81(1) 

0.69 0.70(2) AlB2 
powder 4.2558(1) 4.2558(1) 4.5321(1) 1.065 71.087(3) 

single 
crystal 4.2514(4) 4.2514(4) 4.5363(6) 1.063 71.006(2) 

0.73 0.75(2) AlB2 
powder 4.2546(2) 4.2546(2) 4.5623(2) 1.072 71.520(4) 

single 
crystal 4.2358(5) 4.2358(5) 4.5759(6) 1.079 71.101(5) 



www.manaraa.com

56  

0.78 
0.76(2) AlB2 

powder 4.2346(1) 4.2346(1) 4.5728(1) 1.080 71.01(0) 

single 
crystal 4.2324(6) 4.2324(6) 4.5710(9) 1.080 70.91(2) 

 EuGe2 powder 4.1040(1) 4.1040(1) 4.9983(1) 1.218 72.91(3) 

0.80 
0.76(2) AlB2 

powder 4.2349(4) 4.2349(4) 4.5733(5) 1.080 71.030(1) 

single 
crystal 4.2343(6) 4.2343(6) 4.5746(1) 1.080 71.030(2) 

 EuGe2 powder 4.1045(2) 4.1045(2) 4.9950(1) 1.217 72.876(3) 

0.85 
0.75(2) AlB2 powder 4.2448(1) 4.2448(1) 4.5656(2) 1.076 71.242(4) 

 EuGe2 powder 4.1075(1) 4.1075(1) 4.9974(2) 1.217 73.017(3) 

1.00 1.00(2) EuGe2 powder 4.1044(4) 4.1044(4) 4.9996(1) 1.218 72.940(2) 

 
 

Table 2. Single Crystal Crystallographic Data for Eu(Zn1−xGex)2 (x = 0.50(2), 0.55(2), 0.67(2), 0.75(2)).  

 Eu(Zn0.50(2)Ge0.50(2))2 Eu(Zn0.45(2)Ge0.55(2))2 Eu(Zn0.33(2)Ge0.67(2))2 Eu(Zn0.25(2)Ge0.75(2))2 

Formula Weight (g mol−1) 289.96 290.68 292.41 293.57 

Unit Cell Parameters (Å) a = 4.3631(6) a = 4.3116(6) a = 4.2554(4) a = 4.2358(6) 

 c = 4.3014(9) c = 4.418(1) c = 4.5154(3) c = 4.5759(9) 

V (Å3) 70.91(2) 71.13(2) 70.81(1) 71.10(2) 

Density, calcd. (g cm−3) 6.789 6.769 6.799 6.771 

Diffractometer STOE IPDS SMART Apex SMART Apex STOE IPDS 

Index Ranges 
−6 ≤ h ≤ 6, 
−6 ≤ k ≤ −7,  
−6 ≤ l ≤ 6 

−6 ≤ h ≤ 6, 
−6 ≤ k ≤ −6,  
−7 ≤ l ≤ 7 

−6 ≤ h ≤ 6,  
−6 ≤ k ≤ 6,  
−7 ≤ l ≤ 7 

−6 ≤ h ≤ 6,  
−6 ≤ k ≤ 6, 
 −6 ≤ l ≤ 7 

No. Reflections 1296 1052 1033 1328 

Independent Reflns 87 [Rinit = 0.0550] 88 [Rinit = 0.0325] 87 [Rinit = 0.0312] 90 [Rinit = 0.1013] 

Data/Parameters 87/6 88/5 86/6 90/5 

GOF on F2 1.231 1.067 1.204 1.160 

R indices [I > 2σ(I)] R1 = 0.0344, 
wR2 = 0.0769 

R1 = 0.0154, 
wR2 = 0.0321 

R1 = 0.0131, 
wR2 = 0.0305 

R1 = 0.0296, 
wR2 = 0.0667 

R indices (all data) R1 = 0.0427, 
wR2 = 0.0791 

R1 = 0.0164, 
wR2 = 0.0325 

R1 = 0.0131, 
wR2 = 0.0305 

R1 = 0.0302, 
wR2 = 0.0668 

Diff. peak and hole 
(e−/Å3) 1.724/−2.549 1.490/−0.648 1.106/−0.641 1.309/−2.455 



www.manaraa.com

57  

 

Table 3. Anisotropic Displacement Parameters (Å2) of Eu(Zn1−xGex)2 (x = 0.50(2), 0.55(2), 0.67(2), 0.75(2)). 
The exponent of the anisotropic displacement factor takes the form:  −2π2[h2a*2U11 + ··· + 2 hka*b*U12 ].  For 
the space group P6/mmm, U13 = U23 = 0. 

atom U11 = U22 U33 U12 U aeq 

Eu(Zn0.50(2)Ge0.50(2))2 

Eu 0.013(1) 0.013(1) 0.007(1) 0.013(1) 

Zn/Ge 0.011(1) 0.021(1) 0.005(1) 0.014(1) 

Eu(Zn0.45(2)Ge0.55(2))2 

Eu 0.009(1) 0.012(1) 0.005(1) 0.010(1) 

Zn/Ge 0.008(1) 0.027(1) 0.004(1) 0.014(1) 

Eu(Zn0.33(2)Ge0.67(2))2 

Eu 0.011(1) 0.011(1) 0.006(1) 0.011(1) 

Zn/Ge 0.009(1) 0.044(1) 0.004(1) 0.021(1) 

Eu(Zn0.25(2)Ge0.75(2))2 

Eu 0.017(1) 0.016(1) 0.010(1) 0.017(1) 

Zn/Ge 0.018(1) 0.127(3) 0.009(1) 0.054(1) 
  
a Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 

 
 

The Zn−Zn distances between adjacent distorted 63 nets (parallel to the b-axis) are ca. 

7% longer than those within the net. These distortions produce zigzag ribbons of rectangles 

formed by Zn atoms along the a-axis. The Eu atoms are symmetrically displaced along the c-

axis away from these networks. 

The KHg2-type phase also occurs in the powder patterns of Eu(Zn1−xGex)2 samples for 

x < 0.50(2).  Refinements of lattice constants suggest that Ge atoms replace a small number 

of Zn atoms, but we have no further chemical analysis of this observation and have not 

identified the upper bound of a single-phase, KHg2-type Eu(Zn1−xGex)2 region. Analysis of 

the theoretical electronic structure of EuZn2 also suggests that the orthorhombic KHg2 

structure type is a stable structure for Ge substitution for a small number of Zn atoms. 
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Figure 2. Crystal structures of EuZn2 (KHg2-type), Eu(Zn1−xGex)2 (0.50(2) ≤ x ≤ 0.75(2), AlB2-type) and EuGe2 

(EuGe2-type) with valence electron counts; Eu, gray; Zn, orange; Zn/Ge, blue; Ge, purple.  

 

3.4.2 Region (3): EuZn1−yGe1+y  

As the amount of Ge increases in Eu(Zn1−xGex)2, the AlB2-type phase emerges in 

product mixtures, as shown in Figure 1b, and becomes single-phase when x reaches 0.50(2). 

This region remains single-phase up to x = 0.75(2) suggesting a wide homogeneity range for 

this phase.  Given this observation, we reformulate these ternary phases as EuZn1−yGe1+y (0 ≤ 

y ≤ 0.5).  Furthermore, the extrapolation of measured resistivities show room-temperature 

values ca. 1.40 × 10−5 and 2.08 × 10−5 Ω·m, respectively, for Eu(Zn0.45(2)Ge0.55(2))2 and 

Eu(Zn0.33(2)Ge0.67(2))2, that decrease linearly over a temperature range from ca. 110-230 K 

which is indicative of either semiconducting or semimetallic behavior of these samples.  

Powder X-ray diffraction patterns of two AlB2-type products are shown in Figure 1c and 

Figure 1d.  Figure 3 shows how the lattice parameters, a and c, as well as the c/a ratio, vary 

with composition in these EuZn1−yGe1+y phase. As the Ge content increases from 

EuZn1.00(2)Ge1.00(2) to EuZn0.50(2)Ge1.50(2), a decreases from 4.3631(6) Å to 4.2358(6) Å, 

whereas c increases significantly from 4.3014(9) Å to 4.5759(9) Å, which results in 

monotonically increasing c/a ratios. Especially, for y ≤ 0.04 (x ≤ 0.52), c/a < 1, whereas for y 

≥ 0.10 (x ≥ 0.55), c/a > 1.  The crystal structures of these ternary compounds contains 
2

1 1 2[(Zn Ge ) ]y y∞ − +  planar 63 net (Figure 2, middle) with both Zn and Ge atoms statistically 

distributed among the 2d sites. 
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Figure 3. (Left) Lattice parameter a, c, (middle) c/a ratio and (right) the number of valence electron and 
Zn−Ge bond distance of the AlB2-type phase of Eu(Zn1−xGex)2 series as a function of the amount of Ge.  
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Eu atoms occupy the hexagonal prismatic voids between these nets. The 

experimentally observed Zn−Ge bond distances range from 2.5190(3) Å for 

Eu(Zn0.50(2)Ge0.50(2))2 to 2.4455(3) Å for Eu(Zn0.25(2)Ge0.75(2))2, a trend which is also illustrated 

in Figure 3. These bond distances are significantly shorter than the sum of the 12-coordinate, 

metallic radii of Zn and Ge (2.772 Å: r(Zn) = 1.394 Å, r(Ge) = 1.378 Å24), but are in 

excellent agreement with the sum of their covalent radii (2.47 Å: r(Zn) = 1.25 Å, r(Ge) = 

1.22 Å25).  We should note that the average Zn−Zn and Ge−Ge distances in EuZn2 (2.699 

Å)16 and EuGe2 (2.564(4) Å)26 lie between the corresponding sums of metallic and covalent 

radii.  In the ternary systems, therefore, the observed Zn−Ge bond distances indicate strong 

polar covalent interactions within the polyanionic nets, which will be further influenced by 

electron transfer from the electropositive Eu atoms to the electronegative Zn and Ge atoms.  

Aspects of the chemical bonding in these compounds have been carefully analyzed using 

electronic structure calculations, which can also account for the observed upper limit in Ge 

content in this homologous series, and will be discussed in a companion article.27 

 An additional significant result observed from the diffraction results of the 

EuZn1−yGe1+y phases is the substantial increase of U33/U11 ratios of anisotropic displacement 

parameters as the Ge content increases. In EuZn1.00(2)Ge1.00(2), this ratio is 1.9 and increases to 

7.0 in EuZn0.50(2)Ge1.50(2).  As we mentioned earlier, all refinement attempts converge towards 

planar 2
1 1 2[(Zn Ge ) ]y y∞ − +  63 nets, even when space groups are selected that allow the z 

parameter of the Zn and Ge sites to be free parameters.  Nevertheless, the tendency to pucker 

the 63 nets increases steadily and significantly as the Ge content increases.27 

 

3.4.3 Regions (4) and (5): EuGe2   

Beyond the experimentally observed upper limit of the single-phase region of the 

AlB2-type structures in Eu(Zn1−xGex)2, that is, x > 0.75(2), the EuGe2-type phase begins to 

appear as one of the majority phases in product mixtures as displayed in Figure 1e. However, 

lattice parameters determined from powder X-ray diffraction patterns of the two-phase 

products do not indicate significant Zn substitution for Ge in EuGe2.  At x = 1, the EuGe2-

type phase (Figure 2, right) crystallizes as a single-phase, binary compound and the powder 

X-ray diffraction pattern is shown in Figure 1f.  The EuGe2-type structure is derived from the 
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AlB2-type structure by strong puckering of the hexagonal nets along the c-axis,8,28 but unlike 

EuZn2, there are no Ge−Ge contacts between the 63 nets.  
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Figure 4. Temperature dependence of the magnetic susceptibilities and the reciprocal susceptibilities for 
Eu(Zn0.48(2)Ge0.52(2))2 (left) and Eu(Zn0.30(2)Ge0.70(2))2 (right). 

 

 
3.4.4 Magnetic Susceptibilities  

Temperature dependent magnetic susceptibilities and reciprocal susceptibilities are 

shown in Figure 4. The susceptibility behavior is dominated by the magnetic moment of Eu 

atoms and shows essentially Curie-Weiss behavior in the corresponding paramagnetic 

regions with antiferromagnetic (AFM) behavior for both Eu(Zn0.48(2)Ge0.52(2))2 and 
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Eu(Zn0.30(2)Ge0.70(2))2 at low temperatures. Effective magnetic moments for each compound, 

as calculated from the corresponding slopes of the 1/χ vs. T plots and corrected for the 

temperature-independent diamagnetic terms, gave 7.98(1) μB for Eu(Zn0.48(2)Ge0.52(2))2 and 

7.96(1) μB for Eu(Zn0.30(2)Ge0.70(2))2, both of which are very close to the value of the Eu2+ free 

ion, 7.94 μB, to indicate a (4f)7 electronic configuration for Eu. Eu(Zn0.48(2)Ge0.52(2))2 shows 

Curie-Weiss behavior at temperatures above 40.0(2) K, while below this temperature the 

susceptibility becomes dependent on the external magnetic field resulting in FM ordering 

with θp = +15.3(3) K. On the other hand, Eu(Zn0.30(2)Ge0.70(2))2 displays Curie-Weiss 

paramagnetic above 45.0(2) K, but shows AFM ordering with θp = −1.95(3) K.  

 

3.4.5 Structural Comparisons   

The trends in phase behavior and crystal structures along the Eu(Zn1−xGex)2 series can 

be attributed to the interplay among atomic sizes, valence electron counts, and types of 

chemical bonding, which can be estimated by the atomic electronegativities and their 

differences.29  Common AB2 structures for A coming from the alkaline earth elements and B 

coming from the tetrelides (Group 14), trielides (Group 13), and Zn group (Group 12) 

include the orthorhombic KHg2-type, the trigonal CaIn2-type, the hexagonal AlB2-type, as 

well as the three Laves phase structure types: cubic MgCu2-type and the hexagonal MgZn2- 

and MgNi2-types. A recent analysis of 6-electron and 8-electron AB2 phases indicates that 

AlB2-type structures are preferred for larger size ratios (VA/VB) and electronegativity 

differences (χB − χA), whereas the KHg2-type structure becomes preferred as the 

corresponding electronegativity difference becomes smaller while the size ratio remains 

constant.30 Laves phase structures dominate when these two parameters are smaller, which 

has been interpreted as effective packing of differently sized metal atoms.31 The 12-

coordinate metallic radius of Eu is 2.041 Å, which lies between that of Sr and Ba, and it is 

slightly more electronegative than these elements according to Pauling’s scale. Therefore, for 

the Eu(Zn1−xGex)2 series, we have a large size ratio (VEu/VZn/Ge) and an increasing 

electronegativity difference (χZn/Ge − χEu) as the Ge content increases, which implies a switch 

from orthorhombic KHg2-type to hexagonal AlB2-type phases. 
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The observed structural transformations along the Eu(Zn1−xGex)2 series can be 

illustrated using the Bärnighausen tree32-33 of group-subgroup relationships. As shown in 

Figure 5, the KHg2-type structure derives from the ortho-hexagonal setting of the AlB2-type 

structure (space group C2/m2/m2/m) via a translationengleiche transformation of index 3 (t3), 

followed by a klassengleiche transformation of index 2 (k2) to space group Imma. On the 

other hand, the trigonal EuGe2-type structure arises by puckering of the hexagonal nets of the 

AlB2-type structure. This symmetry reduction from AlB2 to EuGe2 occurs via a 

translationengleiche transformation of index 2 (t2) of P6/m2/m2/m to space group 3 1P m .29  
 

 

 
Figure 5. The Bärnighausen tree of group-subgroup relationship of the AlB2 derivatives for KHg2-type and 
EuGe2-type structures. 

 

 

A final structural consideration of the Eu(Zn1−xGex)2 series is the monotonic increase 

of the (c/a)* ratios and unit cell volumes, which are listed in Table 1, as Ge content (x) 

increases, while the 63 nets vary from puckered in EuZn2 to planar in EuZn1−yGe1+y, and then 

to puckered in EuGe2.  The trend in unit cell volumes counters expectations based on the 
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relative sizes of Zn and Ge, whether 12-coordinate metallic or covalent radii are used. 

However, the increasing (c/a)* ratios suggest an increasing repulsion between adjacent 
2

1 2[(Zn Ge ) ]x x∞ −  63 nets.  Both of these intriguing features will be addressed by analysis of 

electronic structure calculations in the companion paper.27   

 The relationship between the puckering of the 63 nets and the (c/a)* ratios also 

depends on the electronic structure.8 At low (c/a)* ratios, puckering is driven by an 

increasing occupation of intra-plane π-antibonding orbitals through inter-plane p-p σ overlap. 

As the (c/a)* ratio increases, this σ overlap steadily decreases and the 63 network becomes 

planar, as in graphite.  The puckering observed in EuGe2, however, is attributed to the local 

electronic structure at Ge, which can be rationalized by the Zintl-Klemm concept. 

 

3.4.6 The Zintl-Klemm Concept   

At the Ge-rich end of the Eu(Zn1−xGex)2 series, i.e., EuGe2, the puckered, three-

bonded 2
2[Ge ]∞  net follows from the Zintl-Klemm formalism for [Ge2]2−, which is based on 

divalent Eu atoms.  The five-electron Ge−, which is isoelectronic with As, prefers a trigonal 

pyramidal coordination by using its valence electrons to form three two-center, two-electron 

σ-bonds and one lone pair.  Implicit in this interpretation is an ionic formulation that follows 

the relative electronegativities: on the Pauling scale, χ(Eu) = 1.2 and χ(Ge) = 2.01.  On the 

other hand, EuZn2 is electron deficient, and does not satisfy the Zintl-Klemm formalism: the 

4b-3D network of Zn atoms would require four valence electrons per Zn atom.  Nevertheless, 

Zn is more electronegative than Eu: χ(Zn) = 1.65.  Therefore, at some point along the 

Eu(Zn1−xGex)2 series, this formalism, which relates local electronic structure and chemical 

bonding features, changes validity. 

 According to our results, this point occurs at “EuZnGe.”  For ternary Eu-Zn-Ge 

examples, the relative electronegativities suggest that Ge will attract electrons more strongly 

than Zn atoms.  In light of our experimental results that the minimum Ge content is 

EuZn1.00(2)Ge1.00(2) for the AlB2-type phases, we can simply formulate this limiting 

composition as Eu2+Zn2+Ge4−, which is a closed-shell compound.  According to the Zintl-

Klemm formalism, there will be no short Ge−Ge contacts within the planar 63 nets, so the 
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only solution is an alternant 2 2[ZnGe] −
∞  net (see Figure 6a). As a corollary, there will be no 

short Zn−Zn contacts.  Since X-ray diffraction could not distinguish Zn and Ge atoms, a 

completely random distribution of these two atoms does allow for homonuclear contacts, 

which will violate the Zintl-Klemm rules.  Thus, we assume that each 63 net in 

EuZn1.00(2)Ge1.00(2) is an alternant 2 2[ZnGe] −
∞  net, but that they stack randomly along the c-

axis.  Furthermore, we express those Eu(Zn1−xGex)2 phases for which the Zintl-Klemm 

formalism holds as EuZn1−yGe1+y, for which 0 ≤ y ≤ 1. 

 The Zintl-Klemm concept provides the relationship between the average formal 

charge and the average coordination for main group elements in a chemical structure. For 

example, in EuZn1−yGe1+y, if we treat Eu and Zn as each donating two valence electrons to 

Ge, then the following relations hold: 

 

 Average formal charge per Ge atom = 4 2
1

y
y

−
−

+
; 

 

 Average valence electron count per Ge atoms = 4 2 8 24
1 1

y y
y y

− +
+ =

+ +
; and 

 

 Average Ge−Ge connectivity = 8 2 68
1 1

y y
y y

+
− =

+ +
. 

 

These relationships are plotted in Figure 7.  Therefore, for the EuZn1−yGe1+y series, the 

average formal charge at Ge can vary from −4 (EuZnGe) to −1 (EuGe2), while the average 

number of Ge−Ge bonds per Ge atom change from 0 (EuZnGe) to 3 (EuGe2).  Integral 

formal charges at Ge also occur for EuZn0.8Ge1.2 (−3; 1-bonded Ge) and EuZn0.5Ge1.5 (−2; 2-

bonded Ge).  For a given chemical formula, however, there can be numerous structural 

solutions that will satisfy these predictions. According to our experimental results, the 

EuZn1−yGe1+y series adopts an AlB2-type structure. Therefore, the Zintl-Klemm formalism 

should also be compatible with the structural constraints. 
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Figure 7. (Top) Average connectivity and valence electron count in EuZn1-yGe1+y for random and alternant 63 
net.  (Bottom) Concentrations of different Ge sites in random (middle) and alternant (bottom) in EuZn1-yGe1+y. 
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In this regard, there are numerous potential solutions: we explore two specific cases here:  

 

(1) Random Distribution of Zn and Ge Atoms in each 63 Net:  In this model, the 

occupation of each atomic site of the honeycomb net is determined by the 

composition.  The fraction of Zn atoms is (1 − y)/2; the fraction of Ge atoms is (1 + 

y)/2.  Surrounding a Ge site, there will be a binomial distribution of (Zn3), (Zn2Ge), 

(ZnGe2), and (Ge3) coordination environments (shown in Figure 6b); each of these 

four concentrations are plotted as a function of y in Figure 7. If we use the Zintl-

Klemm formalism for this random distribution and compare the average Ge valence 

electron count and Ge−Ge connectivity, there are significant deviations at low y 

values from the behavior anticipated by the equations above, which are derived just 

from the chemical formula.  Specifically, for y = 0, i.e., EuZnGe, the random 

distribution of Zn and Ge atoms would predict an average formal charge at Ge of −2.5, 

which implies an average 1.5-bonded Ge atom.  This evaluation of the local 

electronic structure at Ge, as well as Zn, contradicts expectations from 

electronegativity arguments. 

 

(2) Random Replacement of Zn by Ge on the Alternant 63 Net:  In this case, we start 

from the alternating 2 2[ZnGe] −
∞  net anticipated for EuZnGe, and replace Zn by Ge 

atoms.  This model guarantees keeping the Zn atoms widely separated so that there 

are no close Zn−Zn contacts.  Furthermore, as the Ge content increases, the 

connectivity of Ge atoms steadily increases.  At low concentrations, trigonal Ge4 stars 

emerge.  For these fragments to remain planar, we expect their formal charge to be 

−8: [Ge4]8− would be isoelectronic to the planar CO3
2− ion, and there are numerous 

examples of these ions.34 On the other hand, simply from the Ge−Ge connectivity, the 

formal charge can be −10, but we could expect the central Ge atom to adopt a 

pyramidal local coordination.  If we keep the Zn atoms most widely separated, Ge 

atoms will belong only to such Ge4 stars in the limiting case, Eu3Zn2Ge4 = 

EuZn0.67Ge1.33, which is illustrated in Figure 6c.  Further replacement of Zn atoms by 
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Ge atoms creates larger Ge-based fragments that can grow continuously until EuGe2 

is achieved. 

 

 Thus, the Zintl-Klemm formalism provides a rationale for one end of the AlB2-type 

Eu(Zn1−xGex)2 phases, i.e., the Zn-rich end, but does not explain our experimental results at 

the Ge-rich end. Nevertheless, this electron counting rule eliminates a completely random 

distribution of Zn and Ge atoms within each 63 net as a viable solution that is compatible 

with both local geometrical structure and local electronic structure.  Therefore, electronic 

structure theory is essential to provide an understanding of the relationship between chemical 

structure and electronic structure in these Eu(Zn1−xGex)2 phases, theory which is the subject 

of the accompanying paper.27 

 

3.5 Summary 

         We have prepared fifteen different compositions in the Eu(Zn1−xGex)2 series (0 ≤ x ≤ 1) 

using induction melting and have characterized these products by powder and single crystal 

X-ray diffraction to study the influence of valence electron count on structural trends.  As the 

Ge content increases, the Eu(Zn1−xGex)2 series varies from the orthorhombic KHg2-type to the 

hexagonal AlB2-type, and finally to the trigonal EuGe2-type, with two-phase regions between 

each of these three single-phase regions.  EuZn2 possibly allows restricted substitution of Zn 

by Ge atoms, whereas we do not observe Zn replacement for Ge in EuGe2.  The hexagonal 

AlB2-type phases occur for a range of compositions from EuZn1.00(2)Ge1.00(2) to 

EuZn0.50(2)Ge1.50(2).  Although structure solutions yield planar 2
1 2[(Zn Ge ) ]x x∞ − 63 nets, the 

U33/U11 ratios suggest increasing pyramidalization of these nets as the Ge content increases.  

Moreover, the diffraction results suggest that the distribution of Zn and Ge atoms in these 

nets is completely random along the c-axis, which also destroys possible superstructures in 

the ab-plane.  The AlB2-type phases show increasing separation between the 63 nets and unit 

cell volumes with increasing Ge content, which contrasts with the atomic size relationship 

between Zn and Ge.  Magnetic susceptibility and temperature-dependent electrical 

resistivities indicate divalent Eu behavior as well as semiconducting or semimetallic 
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characteristics.  Therefore, the Zintl-Klemm electron counting rule is an attractive formalism 

to account for the possible structural and physical behavior.  However, the Zintl-Klemm 

formalism accounts for one end of the AlB2-phases, i.e., EuZn1.00(2)Ge1.00(2), but does not 

explain the upper bound in Ge content at EuZn0.50(2)Ge1.50(2).  To accomplish this, as well as 

to understand the structural and bonding features of the entire Eu(Zn1−xGex)2 series, 

theoretical electronic structure calculations are imperative, and have been conducted and 

analyzed.27 
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Supplementary Material 1 

 
Figure S1. Temperature-dependent electrical resistivity of Eu(Zn0.45(2)Ge0.55(2))2. 
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Figure S2. Temperature-dependent electrical resistivity of Eu(Zn0.33(2)Ge0.67(2))2. 
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Supplementary Material 2 

 

Incommensurately Modulated Peaks observed in Eu(Zn0.25(2)Ge0.75(2))2 
 

During the X-ray diffraction experiments, although we observed the increase of 

U33/U11 ratios of anisotropic displacement parameters at the Zn/Ge site as the Ge content 

increases among the AlB2-type phase, all refinement attempts converged towards planar 
2

1 1 2[(Zn Ge ) ]y y∞ − +  63 nets, even when space groups were selected that allowed the z parameter 

of the Zn and Ge sites to be free parameters. Nevertheless, the tendency to pucker the 63 nets 

increased steadily and significantly as the Ge content increased. Recently, we observed 

incommensurately modulated peaks along the c-axis from the Ge-rich end 

Eu(Zn0.25(2)Ge0.75(2))2 using HRTEM. These peaks were also observed from a X-ray 

diffraction experiment using a STOE IPDS diffractometer with an exposure time of 10 min. 

We are currently attempting to solve this incommensurately modulated structure and to 

understand the difference from the AlB2-type structure.     

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

 

c 

a 

c 

Figure 3. (Left) HRTEM of (1 1 0) plane, incommensurately modulated peaks are marked with arrows. (right)

Reciprocal space displayed along the (1 1 0) plane.    
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CHAPTER 4 

 

Theoretical Interpretation of the Structural Transition along the 

Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) Series  
 

A paper to be submitted to Journal of the American Chemical Society 

 

Tae-Soo You,1,2 and Gordon J. Miller1,3 

 

 

4.1 Abstract 

The electronic structures of polar intermetallics EuZn2, Eu(Zn0.75Ge0.25)2, 

Eu(Zn0.5Ge0.5)2, Eu(Zn0.25Ge0.75)2 and EuGe2 have been investigated using the tight-binding, 

linear muffin-tin orbital (TB-LMTO) method to understand the structural preferences 

influenced by valence electron counts and to explain the observed homogeneity range of the 

AlB2-type phase. The crystal orbital Hamilton population (COHP) curve for Zn−Zn contacts 

in EuZn2 suggests the possibility of the homogeneity width of the KHg2-type phase, which is 

observed from analysis of X-ray powder diffraction patterns. The density of states (DOS) and 

COHP analysis for a hypothetical Zn-rich compound, Eu(Zn0.75Ge0.25)2, indicates that 

keeping two distinct phases, EuZn2 and Eu(Zn1−xGex)2 (0.5 ≤ x ≤ 0.75) is more favorable than 

having a single Zn-rich composition adopting the AlB2-type phase. Among ten structural 

models of the equiatomic compound Eu(Zn0.5Ge0.5)2, the one with heteroatomic Zn−Ge 

interactions both within and perpendicular to the 63 nets is energetically the most favorable 

structure. The experimentally observed Zn−Ge bond distance is attributed to the contribution 

of both σ- and π-bond interactions. Zn−Ge, Eu−Zn and Eu−Ge COHP curves that show 

_______________ 
1 Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
2 Primary researcher and author 
3 Author for correspondence 
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bonding character above the Fermi level explain the observed wide homogeneity width of the 

AlB2-type phase. In particular, the theoretically predicted upper limit in composition is in 

excellent agreement with our experimental results. The Ge-rich structural model, 

Eu(Zn0.25Ge0.75)2, proves that 9 valence electrons are optimum for Zn−Ge bonding within 

these planar 63 nets of the AlB2-type phase. The structure relaxation using VASP method 

revealed that the hexagonal layers tend to pucker rather than being planar. An Electron 

Localization Function (ELF) analysis for Eu(Zn0.5Ge0.5)2 reveals that there exists no two-

center, two-electron bond or multi-centered interactions between interlayer Zn⋅⋅⋅Ge contacts.   

 

4.2 Introduction 

Polar intermetallic compounds represent a growing collection of inorganic solids to 

investigate relationships among structure, physical properties and chemical bonding.1 They 

involve combinations of electropositive elements, i.e., alkali-, alkaline-earth or rare-earth 

elements, with electronegative metals close to the Zintl line. The electronegative metals 

typically form networks that either conform to simple electron counting rules, such as the 

Zintl−Klemm formalism,2−4 or give rise to an electronic structure characterized by a 

pseudogap in the electronic density of states curve and optimized orbital interactions at the 

Fermi level.5 The electropositive metals formally act like cations, as in classical valence 

compounds (Zintl phases), by providing their valence electrons to influence the structure of 

the electronegative component.  Their surroundings also involve large coordination numbers. 

However, unlike Zintl phases, these “active” metals do not transfer all valence electrons to 

the electronegative component, but are involved in “lattice covalency” through their valence 

orbitals.6 The presence of the pseudogap at the Fermi level can lead to potentially interesting 

physical properties, especially if rare-earth metals serve as the active metal due to partially 

filled 4f bands.7 In general, polar intermetallics can be considered as a compound class 

intermediate between classical intermetallic compounds, such as Hume−Rothery electron 

phases, and Zintl−Klemm compounds.2−4    

         During our systematic investigation of the Eu(M1−xM′x)2 series (M, M′ = Group 12−14 

elements) to study the correlation among atomic, electronic, and possible magnetic structures 
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by varying atomic sizes and valence electron counts, we have observed a systematic 

structural variation within the Eu(Zn1−xGex)2 system as x increases from the KHg2-type to the 

AlB2-type and, finally, the EuGe2-type structure. These structure types differ in the networks 

formed by the electronegative components: (a) the KHg2-type shows a four-bonded, three-

dimensional (4b-3D) net with locally distorted tetrahedral coordination; (b) the AlB2-type 

contains three-bonded, two-dimensional (3b-2D) planes with trigonal planar coordination; 

and (c) the EuGe2-type exhibits 3b-2D puckered nets with local trigonal pyramidal 

environments. The transition from planar to puckered three-connected nets has been 

discussed frequently in the literature,8,9 and is clearly related to the concentration of valence s 

and p electrons. In a recent study of EuGaTt (Tt = Si, Ge, Sn),9 atomic size also influences 

puckering of 3b-2D nets, which is further mediated by the role of valence orbitals at the 

active metal site by creating multi-center interactions. In this work, we explore the electronic 

structures of the Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) series by tight-binding, linear muffin-tin orbital 

calculation (TB-LMTO) to understand the influences of chemical bonding and valence 

electron count on the three observed structural types.  

 

4.3 Electronic Structure Calculations 

TB-LMTO calculations were carried out in the atomic sphere approximation (ASA) 

using the Stuttgart program.11 Exchange and correlation were treated by the local spin density 

approximation (LSDA).12 All relativistic effects except spin-orbit coupling were taken into 

account by using a scalar relativistic approximation.13  

In the ASA method, space is filled with overlapping Wigner−Seitz (WS) spheres. The 

symmetry of the potential is considered spherical inside each WS sphere, and a combined 

correction is used to take into account the overlapping part.14 The radii of WS spheres are 

obtained by requiring that the overlapping potential be the best possible approximation to the 

full potential, and were determined by an automatic procedure.14 This overlap should not be 

too large because the error in kinetic energy introduced by the combined correction is 

proportional to the fourth power of the relative sphere overlap. No empty spheres (ES)11 were 

necessary to fill the space of a unit cell. For our calculations on EuZn2, Eu(Zn0.75Ge0.25)2, 

Eu(Zn0.5Ge0.5)2, and Eu(Zn0.25Ge0.75)2, the WS radii are: Eu, 2.241 Å; Zn, 1.351 Å; and Ge, 
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1.472 Å. For calculations on EuGe2, they are: Eu, 2.241 Å; and Ge, 1.451 Å. The basis sets 

included 6s, 6p and 5d orbitals for Eu; 4s, 4p and 3d orbitals for Zn; 4s, 4p and 4d orbitals for 

Ge. The Eu 6p and Ge 4d orbitals were treated by the Löwdin downfolding technique11−13 

and the Eu 4f wavefunctions were treated as core functions occupied by 7 electrons. The 

crystal orbital Hamilton population (COHP) curves,15 the integrated COHP values (ICOHPs) 

and electronic densities of states (DOS) were calculated to determine the relative influences 

of various interatomic orbital interactions. The k-space integrations were performed by the 

tetrahedron method.16 Self-consistent charge densities were obtained using a certain number 

of irreducible k-points in the Brillouin zone; these are 280-294 for ten hexagonal or 

orthorhombic structural models of Eu(Zn0.5Ge0.5)2; 118 for EuZn2, Eu(Zn0.75Ge0.25)2 and 

Eu(Zn0.25Ge0.75)2; and 193 for EuGe2. The contribution of the nonspherical part of the charge 

density to the potential was neglected. 

Total energy calculations using VASP program17-19 were also conducted for five 

different models of the Eu(Zn0.25Ge0.75)2 to find the most energetically favorable layered 

structure for the Ge-rich end composition. This program allows structure relaxations using 

pseudopotentials and a plane-wave basis set. The Kohn-Sham equations were solved self-

consistently using an iterative matrix diagonalization method and an efficient Pulay mixing 

scheme of the charge density. In this system, we relaxed the free parameter of the atomic 

positions of Zn and Ge simultaneously with the c/a ratio for a set of constant volumes until 

forces converged to less than 0.005 eV/Å. The ultrasoft Vanderbilt-type pseudopotentials20,21 

were employed, and the actual valence electrons of the elements involved are indicated in the 

following configurations: Eu 5d106s2, Zn 3d104s2, and Ge 4s24p2. Convergency was checked 

with respect to the plane-wave cutoff of 300 eV and the number of k-points used in the 

summation over the Brillouin zone. These k-points were obtained by the Monkhorst-Pack 

method22 and sampled on a dense grid of 8 × 8 × 8. 

The electron localization function23 (ELF, η) was evaluated within the TB-LMTO-

ASA Stuttgart program package24 with an ELF module already implemented. To better 

understand features of local bonding environments for various compounds, a topological 

analysis of ELF was conducted with the program Basin.25 The integrated electron density in 

each basin, which is defined by the surface of zero flux in the ELF gradient, analogous to the 
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procedure proposed by Bader for the electron density,26 provides the basic information of 

electron counts for each basin, and additionally describes the bonding situation. The software 

Amira27 was used to visualize ELF distributions of Eu(Zn0.5Ge0.5)2 and EuGe2. 

 

4.4 Results and Discussion 

To understand the electronic structures and chemical bonding features that influence 

structural preferences for Eu(Zn1−xGex)2 among three observed structural types, i.e., EuZn2, 

Eu(Zn1−xGex)2 (0.50(2) ≤ x ≤ 0.75(2))28 and EuGe2, shown in Figure 1, electronic structure 

calculations were conducted on several structural models: (1) a binary, originally reported 

EuZn2 structure29 and a ternary derivative, Eu(Zn0.75Ge0.25)2, in the KHg2-type structure, (2) 

ten ternary, equiatomic structural models, Eu(Zn0.5Ge0.5)2, with different atomic 

arrangements between Zn and Ge within or perpendicular to planar 63 nets and (3) two 

ternary, non-equiatomic structural models, i.e., a Zn-rich and a Ge-rich compound, with 

hypothetical atomic arrangements based on planar 63 nets of Zn and Ge atoms.    

 

 
 
Figure 1. Crystal structures of EuZn2 (KHg2-type), Eu(Zn1−xGex)2 (0.50(2) ≤ x ≤ 0.75(2), AlB2-type) and 
EuGe2(EuGe2-type) with valence electron counts; Eu, gray; Zn, orange; Zn/Ge, blue; Ge, purple.  
 
 

To create ten structural models of Eu(Zn0.5Ge0.5)2, both a hexagonal and orthorhombic 

unit cell were used. The orthorhombic unit cell is obtained by transforming the hexagonal 

AlB2-type structure into an orthorhombic setting (C 2/m 2/m 2/m) via a translationengleiche 

transformation30 of index 3 (t3) and followed by subsequent adjustments of the orthorhombic 
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unit cell depending upon the corresponding atomic arrangements. For the two non-

equiatomic compounds, we selected two specific compositions to explain the behavior of 

Zn−Ge, Zn−Zn, and Ge−Ge orbital interactions: a hypothetical Zn-rich compound containing 

7 valence electrons, Eu(Zn0.75Ge0.25)2; and a Ge-rich compound, which is the observed upper 

limit of the AlB2-type structure containing 9 valence electrons, Eu(Zn0.25Ge0.75)2. To conduct 

electronic structure calculations for these specific compositions, we constructed two 

orthorhombic super cells (space group Pcab) of the hexagonal AlB2-type cell with lattice 

parameters 2ahex × 2√3ahex × 2chex. These parameters are a = 8.694 Å, b = 15.058 Å and c = 

8.569 Å for Eu(Zn0.75Ge0.25)2; and a = 8.788 Å, b = 15.222 Å and c = 8.664 Å for 

Eu(Zn0.25Ge0.75)2 (see Figure 2). The unit cell volumes were obtained by summing the 

volumes of all WS spheres in the unit cell. More detailed structural information of these 

models are shown in Supplementary Material (Table S1). 

In these cells, the hexagonal sheets are stacked alternately along the c-axis to 

maintain interlayer Zn⋅⋅⋅Ge contacts between planes because calculations on structural 

models of EuZnGe revealed interlayer Zn⋅⋅⋅Ge contacts to be energetically more stable than 

Zn⋅⋅⋅Zn and Ge⋅⋅⋅Ge contacts.  

 
   

        

 

           
 
Figure 2. Two non-equiatomic structural models with Zn-rich (left) and Ge-rich (right) composition, 
respectively, in space group Pcab: Eu, gray; Zn, orange; Ge, purple. 
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4.4.1 EuZn2 

 This compound adopts the orthorhombic KHg2-type29 structure with a 4b-3D anionic 

net of Zn atoms, each coordinated by a distorted tetrahedron, as shown in Figure 1. The 4b-

3D net is constructed by puckered pseudo hexagonal 2D layers containing two slightly 

different Zn−Zn contacts of 2.688 Å and 2.699 Å. These puckered layers stack along the c 

direction to create interlayer Zn−Zn contacts of 2.907 Å, resulting in the 4b-3D net. Figure 3 

displays its DOS and nearest neighbor Zn−Zn and Eu−Zn COHP curves; the Fermi level (EF) 

is shown as a reference energy value in these curves. The total DOS (TDOS) curve up to ca. 

2.8 eV below EF contains more contribution from Zn valence orbitals. However, beyond this 

point, Eu 5d and 6s orbitals contribute more than Zn does to TDOS. The localized Zn 3d 

orbitals are observed between 7 and 8 eV below EF. X-ray powder diffraction of Zn-rich 

Eu(Zn1−xGex)2  phase suggests that Ge atoms can replace small amounts of Zn atoms in the 

KHg2-type structure.28 This observation can be understood from the COHP curve obtained 

from the combination of three types of Zn−Zn bonds, which shows significant bonding 

character in the 4b-3D net up to ca. 1.6 eV above EF, where the curve switches its character 

from bonding to antibonding. This point corresponds to ca. 8 valence electrons and is located 

at local energy minimum of DOS curves. The Eu−Zn COHP curve also shows bonding 

character up to ca. 1.8 eV above EF, then keeps nonbonding character up to ca. 3 eV above 

EF which corresponds to ca. 10 valence electrons, where another local minimum appears in 

DOS curve. Thus, we conclude that the 4b-3D net in EuZn2 can accept additional electrons 

provided by Ge substitution for Zn.  

To verify this claim, we constructed a ternary structural model including Ge 

substitution for 25 % of Zn in EuZn2 in the KHg2-type structure, where substituting Ge atoms 

are isolated from one another (see Figure 4, top). More detailed structural information 

including atomic coordinates is displayed in Supplementary Material (Table S2).  DOS and 

COHP curves are also shown in Figure 4 (bottom). In particular, Zn−Ge COHP is optimized 

at ca. 0.4 eV below EF, which corresponds to 6.48 valence electrons and Eu(Zn0.88Ge0.12)2, 

and shows weak antibonding character up to EF. This result supports that the KHg2-type 

structure can hold up at least 6.48 valence electrons. Although Zn−Zn COHP curve maintains 

bonding character up to ca. 1 eV, which corresponds to 8 valence electrons as in EuZn2, the 
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KHg2-type structure would not bind these valence electrons since the Zn−Ge COHP curve 

has antibonding character beyond this count. In that sense, there is high possibility of 

existence of homogeneity width for the KHg2-type phase according to the electronic structure 

of EuZn2 and Eu(Zn0.88Ge0.12)2. However, we did not pursue any further analysis for this 

phase.   

 
 

Figure 3. DOS and COHP curves for EuZn2. (Left) Total DOS (solid line), Eu PDOS (white region), and Zn 
PDOS (gray region). (Right) Eu−Zn and Zn−Zn COHP curves. The Fermi level is indicated by the solid line 
and is the energetic reference (0 eV). The number of valence electrons, which corresponds to the Fermi level 
and the optima of COHP curves, are also shown.  
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Figure 4. (Top) Crystal structure of Eu(Zn0.75Ge0.25)2 in the KHg2-type structure: Eu, gray; Zn, orange; Ge, 
purple. (Bottom, left) Total DOS (solid line), Eu PDOS (white region), Zn PDOS (gray region) and Ge PDOS 
(black region). (Right) Zn−Ge (solid line) and Zn−Zn (dot line) COHP curves. The Fermi level is indicated by 
the solid line and is the energetic reference (0 eV). The numbers of valence electrons, which correspond to the 
Fermi level and optima of COHP curves, are also shown. 

a 

b 

c 

En
er

gy
 (e

V
)

-8

-6

-4

-2

0

2

4

6.48 e− 

7 e−  

8 e− 
EF 

        Zn-Ge 
        Zn-Zn 

0 + − 

DOS − COHP 



www.manaraa.com

 84

4.4.2 EuZn1+xGe1−x 

In a unit cell of a hypothetical Zn-rich compound with planar hexagonal nets, 

Eu(Zn0.75Ge0.25)2 containing 7.0 valence electrons, there must be Zn−Zn contacts, whereas no 

Ge−Ge contacts are expected since Ge atoms are most reduced with the highest negative 

formal charge (see Figure 2, left). The minimum number of valence electrons for an 

Eu(Zn1−xGex)2 planar 63 net is 8 according to our experimental results.28 

 

 
Figure 5. DOS and COHP curves for Eu(Zn0.75Ge0.25)2. (Left) Total DOS (solid line), Eu PDOS (white region), 
Zn PDOS (gray region), and Ge PDOS (black region). (Right) Zn−Ge (solid line) and Zn−Zn (dot line) COHP 
curves. The Fermi level is indicated by the solid line and is the energetic reference (0 eV). The numbers of 
valence electrons, which corresponds to the Fermi level, two optima of TDOS curve are also shown. 

 

En
er

gy
 (e

V
)

-8

-6

-4

-2

0

2

4

0 + − 

DOS − COHP 

        Zn-Ge 
    Zn-Zn 

EF 
7 e− 

10 e− 

9.5 e− 



www.manaraa.com

 85

Since this model contains less than the required number of valence electrons for 

Eu(Zn1−xGex)2 planar 63 net, the structure is purely hypothetical and constructed for 

calculating the electronic structures to understand orbital interactions in a Zn-rich unit cell. 

The DOS and nearest neighbor Zn−Zn and Zn−Ge COHP curves are illustrated in Figure 5. 

EF (7 electrons) is the reference energy value. Zn 3d orbitals are localized around 7 eV below 

EF and strong valence orbital mixing between Zn 4s and 4p, and Ge 4s and 4p are observed in 

the range between 6.5 eV below EF and EF itself. The Zn−Ge COHP curve is nearly 

optimized at EF and maintains non-bonding character up to ca. 1.8 eV above EF 

corresponding to 9.5 valence electrons. The Zn−Zn COHP curve shows strong bonding 

character at EF and optimized at ca. 2.5 eV above EF, which corresponds to 10 valence 

electrons, where a pseudogap is observed in a TDOS curve. In fact, this Zn−Zn COHP curve 

displays a very similar pattern to that of EuZn2.  

The total electronic energy of this Zn-rich compound was calculated and compared 

with the half of the summed total electronic energies of EuZn2 and Eu(Zn0.5Ge0.5)2 (AlB2-

type) to find which structural type is preferred for a given composition. The radii of WS 

spheres of elements were kept constant to provide identical calculation condition. The result 

revealed that having two distinct phases of EuZn2 and Eu(Zn0.5Ge0.5)2 is energetically more 

favorable than having one Zn-rich compound by 116.6 meV. This explains the reason that 

there is no Zn-rich compound observed for Eu(Zn1−xGex)2 (0 < x < 0.5), but rather separated 

two phases exist. 

 

4.4.3 Eu(Zn0.5Ge0.5)2  

Due to the small difference between the X-ray scattering factors of Zn and Ge, no 

indication of long-range ordering of these two elements could be detected by X-ray 

diffraction experiments within or perpendicular to the 63 nets. However, a certain degree of 

short-range ordering can be considered between Zn and Ge atoms.31−32 Thus, we constructed 

ten ternary structural models (see Figure 6) by differentiating Zn and Ge atomic 

arrangements within or perpendicular to the 63 nets. Total electronic energy of each structure 

was calculated and compared to find the energetically most favorable structure. 
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Model 1 ( 6 2P m ) 
147.1 meV/1641 K 

Model 2 (P63/mmc) Model 3 (P63/mmc) 
77.8 meV/882 K 

  

 

   

Model 4 (Pmmm) 
125.1 meV/1418 K

Model 5 (Pmmm) 
85.5 meV/969 K

Model 6 (Pmmm) 
118.9 meV/1348 K

 

 

   

Model 7 (Pm2m) 
197.1 meV/2235 K

Model 8 (Pmcm) 
218.6 meV/2479 K

Model 9 (Pmcm) 
203.7 meV/2310 K

 

 
 

  
   

Model 10 (P6mm) 
252 meV/2858 K   

 
Figure 6. Ten ternary, equiatomic structural models of Eu(Zn0.5Ge0.5)2. See text for detail description: Eu, gray; 
Zn, orange; Ge, purple. Space groups and relative electronic energies per formula unit compare to Model 2 are 
also shown.   
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Models 1−3 contain alternating Zn and Ge atoms on the 63 sheets where each Zn/Ge 

atom is connected to three Ge/Zn atoms. However, these models differ from each other in 

such a way how the 63 sheets stack along the c-axis: (1) eclipsed to create Zn⋅⋅⋅Zn and 

Ge⋅⋅⋅Ge interactions between planes, space group 6 2P m , Z = 1; (2) alternating to create 

Zn⋅⋅⋅Ge interactions between planes, space group P63/mmc, Z = 2; and (3) a 1:1 intergrowth 

of models 1 and 2 to create Zn⋅⋅⋅Ge, Zn⋅⋅⋅Zn, and Ge⋅⋅⋅Ge interactions between planes, space 

group P63/mmc, Z = 4. On the other hand, for models 4−10, homoatomic contacts occur 

within the 63 nets. For models 4−6, Zn and Ge atoms alternate along one-axis forming 

heteroatomic zigzag chains, whereas homoatomic Zn−Zn or Ge−Ge bonds exist along the 

orthogonal-axis. The stacking sequences of hexagonal sheets along c-axis for models 4−6 are 

also the same as those of models 1−3 and the unit cells are orthorhombic. For models 7−9, 

Zn/Ge atoms are connected to the same atoms along one-axis resulting in homoatomic zigzag 

chains, whereas heteroatomic Zn−Ge bonds exist along the orthogonal-axis. These three 

models differ from each other in stacking sequence of the hexagonal sheets along c-axis as 

for models 1−3. The corresponding unit cells are orthorhombic. Model 10 shows a hexagonal 

unit cell consisting of Zn-only and Ge-only hexagonal sheets alternating along the c-axis. All 

electronic structure calculations were conducted under identical conditions, where WS radii 

of elements are; r(Eu) = 2.241 Å, r(Zn) = 1.351 Å and r(Ge) = 1.472 Å, and irreducible k-

points of in the Brillouin zone were kept between 280−294. More detailed structural 

information including atomic coordinates of each model is shown in Supplementary Material 

(Table S3).  

On the basis of the number of the heteroatomic or homoatomic interactions on the 63 

nets, ten structural models can be categorized into four groups: (1) models 1−3, three 

heteroatomic interactions; (2) models 4−6, two hetero- and one homoatomic interactions; (3) 

models 7−9, one hetero- and two homoatomic interactions; and (4) Model 10, three 

homoatomic interactions. As the 63 net contains more heteroatomic interactions, the structure 

is energetically more stable. Therefore, model 2 and 3 in group (1) are more stable than 

models in group (2). In the same sense, models in group (2) are more stable than models in 

group (3). Although model 1 in group (1) is exceptional from this trend, model 10 is 

indisputably the least stable. Among models in each group, interlayer atomic interactions 
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play an important role, which affects structural stability. However, because of the relatively 

longer interlayer atomic distances and intervention of Eu 5d orbitals locating between these 

layers, the number of heteroatomic interactions among models in the same group is not 

significantly as decisive as among different groups to reveal energetically most stable 

structure.  

 

Figure 7. DOS and COHP curves for Eu(Zn0.5Ge0.5)2. (Left) Total DOS (solid line), Eu PDOS (white region), 
Zn PDOS (gray region), and Ge PDOS (black region). (Right) Zn−Ge, Eu−Zn and Eu−Ge COHP curves. The 
Fermi level is indicated by the solid line and is the energetic reference (0 eV). The numbers of valence electrons, 
which correspond to the Fermi level, the local minimum energies of TDOS curve, and the optima of COHP 
curves are also shown. 
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According to total electronic energies included in Figure 6, model 2 is energetically 

the most favorable structure, which contains only heteroatomic Zn−Ge interactions within 

and perpendicular to the hexagonal nets. Thus, although we cannot observe atomic ordering 

between Zn and Ge using X-ray diffractions, short-range in-plane and out-of-plane ordering 

should be considered. Therefore, all subsequent theoretical calculations for Eu(Zn0.5Ge0.5)2 

are conducted using model 2. Figure 7 displays DOS and COHP curves of this equiatomic 

compound, where EF is the reference energy value in these curves and is located slightly 

above a pseudogap in the DOS. These DOS and COHP curves are very similar to those of 

EuGaSi, which also adopts ternary version of the AlB2-type structure.10 Throughout the 

entire DOS curve, significant mixing between valence orbitals of Eu, Zn and Ge atoms are 

observed.  

The region below EF shows significant contributions from Ge 4p and Eu 5d orbitals 

with small contributions from Zn 4p, whereas the region above EF is dominated by Eu 5d 

orbitals. Both DOS curves and electronic band structures (available in Supplementary 

Material, Figure S5 and S6) indicate that the majority of Ge 4p orbitals are located mostly 

within 5 eV below EF, implying they are formally filled with electrons, whereas the majority 

of Zn 4p orbitals are centered far above EF, between 7 and 15 eV above EF, suggesting they 

are formally empty. Our experimental results revealed a Zn−Ge bond distance of 2.5190(3) 

Å28 on the hexagonal nets, which is significantly shorter than the sum of 12-coordinated 

metallic radii of Zn and Ge (2.772 Å: r(Zn) = 1.394 Å, r(Ge) = 1.378 Å33), but are in 

excellent agreement with the sum of their covalent radii (2.47 Å: r(Zn) = 1.25 Å, r(Ge) = 

1.22 Å34).  Moreover, the average Zn−Zn and Ge−Ge distances in EuZn2 (2.699 Å)29 and 

EuGe2 (2.564(4) Å)35 lie between the corresponding sums of metallic and covalent radii. 

Therefore, the observed Zn−Ge bond distances indicate strong polar covalent interactions 

within the polyanionic nets. According to the fatband analyses shown in Supplementary 

Material (Figure S5 and S6), this Zn−Ge distance can be attributed to participation of both σ-

bonding interactions, which corresponds to the bands spanning between ca. 6 and 0.2 eV 

below EF, and π-bonding interactions, which corresponds to bands starting ca. 4.2 eV below 

EF. Therefore, the 63 layer containing Zn and Ge atoms can be seen as graphite-like layers. In 

that sense, the chemical bonding of EuZnGe can be understood using Zintl−Klemm 
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concept,2−4 and a formulation can be written Eu2+[ZnGe]2− with divalent Eu atoms.28 Thus, 

the 2
∞ [ZnGe]2− anionic net is isoelectronic with elemental graphite. Orbital interactions 

between [ ]2 ZnGe
∞

 planes along the c-axis occur via Eu 5d orbitals which drop below EF (see 

Supplementary Material, Figure S5 and S6). Thus, Zn−Ge orbital interactions are 

predominantly 2-dimansional in character along the hexagonal nets.10,36 

In the Zn−Ge COHP curve (Figure 7, right), bonding character changes to 

antibonding character at ca. 1.2 eV above EF, which corresponds to 9.2 valence electrons. As 

discussed earlier for Zn−Zn contacts in the 4b-3D nets of EuZn2, this implies that these 

hexagonal nets can accommodate additional valence electrons. Moreover, Eu−Ge and Eu−Zn 

COHP curves also show their bonding or nonbonding character up to this energy level. 

Therefore, the ternary AlB2-type structure can accommodate more than 8.0 valence electrons 

and can adopt Ge-rich composition without building up any antibonding character within the 

nearest neighboring contacts, which is eventually influential to the phase separation into the 

AlB2-type and the EuGe2-type structure. Although Eu−Ge and Eu−Zn COHP curves 

maintain their bonding character, respectively, up to 1.5 and 3.5 eV above EF, which 

corresponds to 9.51 and 11.95 valence electrons, we do not expect more than approximately 

9.2 valence electrons for the Ge-rich system because the Zn−Ge COHP already begins to 

have antibonding character beyond this count. Therefore, on the basis of COHP curve 

analyses, we can expect that the experimentally obtainable upper limit in composition for the 

AlB2-type phase would be approximately Eu(Zn0.20Ge0.80)2. According to our experimental 

results, that composition is Eu(Zn0.25(2)Ge0.75(2))2, which contains 9.0 valence electron.28 This 

is in excellent agreement with the results of theoretical calculations discussed in this article.    

 

4.4.4 EuZn1−xGe1+x 

The unit cell of Eu(Zn0.25Ge0.75)2 with 9 valence electrons has the same atomic 

coordinates as those in Zn-rich structural model shown earlier, but with a larger unit cell 

volume and switched Zn and Ge positions. In a unit cell (see Figure 2, right), we arranged Zn 

and Ge atoms in such a way that Zn atoms are isolated from one another, whereas there are 

Ge−Ge contacts on hexagonal nets to create energetically the most stable structure for a 
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given composition. This atomic arrangement is proven to be most stable by the calculation 

results of ten structural models of equiatomic composition, which proves that if there are less 

homoatomic interactions on hexagonal nets, the structure would be energetically more stable.  

 

 

Figure 8. DOS and COHP curves for Eu(Zn0.25Ge0.75)2. (Left) Total DOS (solid line), Eu PDOS (white region), 
Ge PDOS (black region) and Zn PDOS (gray region). (Right) Zn−Ge and Ge−Ge COHP curves. The Fermi 
level is indicated by the solid line and is the energetic reference (0 eV). The number of valence electrons, which 
corresponds to the Fermi level and the optimum of Ge−Ge COHP curve are also shown. 
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Figure 8 illustrates DOS and nearest neighbor COHP curves for the Ge-rich model, 

where EF is the reference energy value in these curves. Given the Ge-rich composition, Ge 

PDOS is more pronounced than Zn PDOS throughout the entire DOS curves. A pseudogap, 

which was clearly observed just below EF in the DOS diagram of Eu(Zn0.5Ge0.5)2 (Figure 7, 

left) is no longer noticeable because of the more pronounce contribution from Eu 5d and Ge 

4p orbitals near EF. In Figure 8 (right), the Zn−Ge COHP curve is fully optimized at EF. This 

indicates that 9.0 valence electrons are optimum for a Zn−Ge bond on planar hexagonal nets 

in the AlB2-type structure, and this number of valence electrons is very close to the 

calculation result of Zn-Ge bond in Eu(Zn0.5Ge0.5)2, which is 9.2 valence electrons and also 

consistent with our experimental results.28  However, the Ge−Ge COHP curve falls in the 

antibonding region, which indicates a Ge-Ge bond is energetically unfavorable. In fact, 

during the structure refinement, we observed an increase of thermal displacement parameters 

at the Zn and Ge positions as Ge content increases from X-ray diffraction experiments.28 In 

particular, at the Ge-rich end of the AlB2-type phases, i.e., Eu(Zn0.25Ge0.75)2, a large U33/U11 

value of ca. 7 was observed. Thus, we assumed that some displacements of the 

electronegative elements on the hexagonal layers occurred for the Ge-rich compositions, but 

they did not show long-range ordering because those puckered layers were not well ordered 

to show superstructure reflections.  

To find out whether puckered hexagonal layers are energetically more favorable than 

planar layers for Eu(Zn0.25Ge0.75)2 as we speculated, and if so, which type of puckering would 

be the most favorable, we performed a series of calculations using the VASP code17-19 for 

five different hypothetical models (Figure 9) of Eu(Zn0.25Ge0.75)2. In models 1-4, each 

hexagonal layer has a constant composition of [Zn0.5Ge1.5] with identical lattice parameters. 

The only difference among these models is atomic positions of Zn and Ge along c-axis. 

Model 1 is identical to the model, which we previously used for LMTO calculations with 

planar hexagonal layers. Model 2 contains in-phase puckered layers, whereas model 3 has 

out-of-phase puckered layers, which form closer interlayer Zn···Ge and Zn···Zn interactions. 

Model 4 includes different types of out-of-phase puckered layers from model 3, in which Ge-

sites have puckered environments as in model 3, whereas Zn-sites maintain locally planar 

environments as in model 1. 
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Model 5a 

Figure 9. Five structure models of Eu(Zn0.25Ge0.75)2 before (left column) and after (right column) the structure 
relaxation using VASP code. 
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In model 5, equiatomic [ZnGe] planar hexagonal layers alternate with puckered Ge-

only layers. Since Zn and Ge atoms cannot be easily differentiated by X-ray diffraction, we 

utilized results of TB-LMTO-ASA calculations which indicated that Zn atoms tended to 

avoid nearest neighbor contacts with each other on the hexagonal nets.   

The relative total energies of the original and relaxed models are compared in Table 1. 

All relaxed models displayed lower energy than their original models, and among those, 

model 3a turned out to be the energetically most favorable structure. 

 

 
Table 1. Energy comparison of five structure models of Eu(Zn0.25Ge0.75)2 using VASP code. 

Model E−E0 (meV/f.u.) Model E−E0 (meV/f.u.) 

3a 0 (E0) 3 + 159.8 

2a + 5.2 2 + 184.9 

4a + 18.3 4 + 195.3 

1a + 38.5 5a + 362.2 

1 + 68.3 5 + 384.6 

 

In model 3, the original angular deficiency from 360° of each atomic site, which 

indicates a tendency of pyramidalization at a given site, was 29.76° for both the Zn and Ge-

sites. However, the deficiency decreased after structural relaxation to 16.2° for the Zn-site, 

17.72° for the Ge1-site, and 15.36° for the Ge2-site. In addition, we also observed ca. 10 % 

increase of the c/a ratio after structural  relaxation. Therefore, these calculation results 

proved that the hexagonal layers tend to pucker rather than being planar. Detailed 

crystallographic information of each model are included in Supplementary Material (Table 

S4). 
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4.5 Bonding Analysis by the Electron Localization Function (ELF)  

The elements of chemical bonding are consequently derived by employing the topological 

features of the bonding-detector function, for example, the Electron Localization Function 

(ELF)23 which is related to the motion of electron pairs in a chemical system. The directed 

interaction between atoms in a chemical structure can be distinguished in real space. Maxima 

of the ELF in the valence region (valence shells)37 provide signatures for directed (covalent) 

bonding. This analysis of the topology of ELF can be combined with the consecutive 

integration of the electron density in “basins,” which are bound by zero-flux surfaces in the 

ELF gradient field.25 This procedure, similar to the one proposed for electron density,26 allows 

assignment of an electron count for each basin, revealing basic information about chemical 

bonding.  

       The ELF can be illustrated in two distinct ways: (1) as surfaces corresponding to a single 

ELF value (“isosurfaces”); and (2) as a slice through the structure. To achieve further 

insights into the valence region of Eu(Zn0.5Ge0.5)2, especially whether there exists any 

interlayer interaction between 63 sheets, e.g., two-center, two-electron bonds between 

interlayer Zn⋅⋅⋅Ge contact or multi-centered interactions involving Zn/Ge and Eu atoms, as 

observed in EuGaSn,10 ELF was analyzed carefully. To have reference systems for 

comparison, the ELF analyses on EuZn2 and EuGe2 were also conducted. The ELF 

contribution of Eu(Zn0.5Ge0.5)2 and EuGe2 are illustrated using both “isosurfaces” and a slice, 

whereas that of EuZn2 is displayed using slices of different planes. 

 

4.5.1 EuZn2  

ELF analysis indicates that four bond attractors, which are defined as local maxima of 

the ELF values, exist around each Zn atom. As shown in Figure 10, each Zn atom forming 

4b-3D nets with locally distorted tetrahedral coordination is connected to two other Zn atoms, 

respectively, along b direction creating 2D chains with bond distances of 2.688 Å – 2.907 Å 

and along a direction forming 2D zigzag chains with a bond distance of 2.699 Å. Since there 

exists only homoatomic bonds between Zn atoms, bond attractors are observed in the midst 

of two neighboring Zn atoms.  
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Figure 10. ELF distribution, depicted as filled contour slices for EuZn2. Left: (1 0 0) slice, a = 0; Right: (0 1 0) 
slice, b = 0.06 are shown.   
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Figure 11.  ELF distribution (color scale indicated) in Eu(Zn0.5Ge0.5)2: Eu sites, red spheres; Zn sites, green 
spheres; Ge sites, blue spheres. ELF isosurfaces (η = 0.58 and 0.68), colored in white, produce attractors 
associated with Zn and Ge atoms.  A (110) ELF slice is also illustrated.   
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4.5.2 Eu(Zn0.5Ge0.5)2  

Two types of ELF attractors are located around the 3b-2D Zn and Ge atoms showing 

trigonal planar coordination on the 63 sheets. In Figure 11, lone pair-like attractors are 

detected symmetrically above and below Ge atoms along [001] together with bond attractors 

on Ga−Si bonds on the 63 sheets. Because of the different electronegativity of Zn and Ge: 

(Pauling scale, χ(Zn) = 1.65 and χ(Ge) = 2.01),28 electrons are more localized around Ge than 

Zn. This electron localization is significantly more pronounced than those observed for 

Ga−Si bonds in EuGaSi or for Ga−Sn bonds in EuGaSn.10 However, no attractor is detected 

between interlayer Zn⋅⋅⋅Ge contacts. This implies that the alternating stacking patterns of the 

63 sheets along c-axis is not caused by an attractive interaction between Zn⋅⋅⋅Ge contacts, but 

rather caused by a repulsive interaction between interlayer Ge atoms containing localized 

electrons around. Integration of the total electron density within each basin gives values of 

2.31 electrons for the valence shell basins of Zn and 5.84 electrons for the valence shell 

basins of Ge for a formulation of Eu2.15+[Zn0.31−Ge1.84−] with roughly divalent Eu atoms. 
 

 
4.5.3 EuGe2  

The topological analysis of ELF reveals four attractors around each Ge atom creating 

3b-2D puckered hexagonal nets with local trigonal pyramidal environments as shown in 

Figure 12. One lone pair-like attractor is located above (or below) Ge atoms along [001] and 

three other attractors are symmetrically located in the midst of Ge−Ge contacts. Integration 

of the total electron density within each basin gives the valence electron counts of 2.49 

electrons for the lone pair-like attractor and 1.76 electrons for the Ge−Ge bond attractors. 

Thus, the total valence electron count for valence shell basin sets is 5.13 electrons per Ge 

atom (= 2.49 e− (“lone pair”) + 3 × 1.76 e− / 2 (“bond pairs”)), which can be written as Ge1.13−. 

As a result, the bonding situation in EuGe2 can be described as Eu2.26+[Ge1.13−]2, which agrees 

reasonably well with a Zintl-Klemm representation as Eu2+[Ge−]2.    
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Figure 12.  ELF distribution (color scale indicated) in EuGe2: Eu sites, red spheres; Ge sites, green spheres. 
ELF isosurfaces (η = 0.59 and 0.77), colored in yellow, produce attractors associated with Ge lone-pairs and a 
Ge−Ge bond.  A (110) ELF slice is also illustrated.   
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4.6 Summary 

         We have conducted a series of electronic structure calculations for the observed and 

hypothetical structural models of Eu(Zn1−xGex)2 (0 ≤ x ≤ 1) system using both TB-LMTO-

ASA and VASP methods. The experimentally observed homogeneity width of EuZn2 phase 

can be understood from Zn−Zn COHP curve showing significant bonding character at EF. 

The DOS and COHP analyses for the hypothetical Zn-rich compound prove that the 

compound should prefer to exist as two distinct phases rather than to keep Zn-rich 

composition in the AlB2-type structure. Total electronic energy comparison for ten possible 

equiatomic models indicates that the more heteroatomic interactions exist in a unit cell, the 

more energetically favorable structure it is. DOS curves and band structures show that the 

observed bond distance between Zn and Ge on the hexagonal nets can be attributed to both σ- 

and π-bond interactions. The observed homogeneity width of the AlB2-type structure can be 

explained using COHP of Zn−Ge, Eu−Ge and Eu−Zn which maintains bonding character 

beyond the EF, and the theoretically expected upper limit in composition is in very good 

agreements with our experimental results. The calculations on the Ge-rich composition 

model conclude that 9 valence electrons are optimum for Zn−Ge bonding on planar 

hexagonal nets in the AlB2-type structure, and the structure relaxation using VASP method 

revealed that hexagonal layers tend to pucker rather than being planar. ELF analysis for the 

equiatomic compound indicates that the alternating stacking patterns of 63 sheets along c-axis 

is not caused by an attractive interaction between Zn⋅⋅⋅Ge contacts, but rather caused by 

repulsive interaction between interlayer Ge atoms containing localized electrons around. 
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Supplementary Material  

Table S1. Structural information of Eu(Zn0.75Ge0.25)2 and Eu(Zn0.25Ge0.75)2 in Pcab displayed in Figure 2. 

Model 
Lattice Parameter (Å) Atomic Coordinate 

a b c atom x y z 

Eu(Zn0.75Ge0.25)2 8.694 15.058 8.569 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 

Eu10 
Zn1 
Zn2 
Zn3 
Zn4 
Zn5 
Zn6 
Ge1 
Ge2 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 
0 

1/4 
1/2 
0 

1/4 
1/2 
3/4 
3/4 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 
1/6 

1/12 
1/6 
1/3 

0.41667 
1/3 

1/12 
0.41667 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 

Eu(Zn0.25Ge0.75)2 8.788 15.222 8.664 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 

Eu10 
Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 
Zn1 
Zn2 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 
0 

1/4 
1/2 
0 

1/4 
1/2 
3/4 
3/4 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 
1/6 

1/12 
1/6 
1/3 

0.41667 
1/3 

1/12 
0.41667 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
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Table S2. Structural information of Eu(Zn0.75Ge0.25)2 in the KHg2-type shown in Figure 4. 

Model Space 
group 

Lattice Parameter (Å) Atomic Coordinate 

a b c atom x y z 

Eu(Zn0.75Ge0.25)2 P1m1 7.650 4.728 7.655 

Eu1 

Eu2 

Eu3 

Eu4 

Zn1 

Zn2 

Zn3 

Zn4 

Zn5 

Zn6 

Ge1 

Ge2 

3/4 

3/4 

1/4 

1/4 

0.060 

0.440 

0.060 

0.56 

0.56 

0.94 

0.44 

0.94 

1/2 

0 

0 

1/2 

0 

0 

1/2 

1/2 

0 

0 

1/2 

1/2 

0.052 

0.448 

0.552 

0.948 

0.165 

0.165 

0.335 

0.665 

0.835 

0.835 

0.335 

0.665 
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Table S3. Structural information of ten Eu(Zn0.5Ge0.5)2 models shown in Figure 6. 
  

Model Space 
Group 

Lattice Parameter (Å) Atomic Coordinate 

a b c atom x y z 

1 6 2P m  
[187] 

4.3631 4.3631 4.3014 
Eu 
Zn 
Ge 

0 
1/3 
2/3 

0 
2/3 
1/3 

0 
1/2 
1/2 

2 P63/mmc 
[194] 4.3631 4.3631 8.6028 

Eu 
Zn 
Ge 

0 
1/2 
1/3 

0 
2/3 
2/3 

0 
1/4 
3/4 

3 P63/mmc 
[194] 4.3631 4.3631 17.2056 

Eu1 
Eu2 
Zn 
Ge 

0 
0 

1/3 
2/3 

0 
0 

2/3 
1/3 

0 
1/4 
1/8 
1/8 

4 Pm2m 
[25] 4.3631 7.5571 4.3014 

Eu1 
Eu2 
Zn1 
Zn2 
Ge1 
Ge2 

0 
1/2 
0 

1/2 
0 

1/2 

0 
1/2 
2/3 
5/6 
1/3 
1/6 

0 
0 

1/2 
1/2 
1/2 
1/2 

5 Pmcm 
[51] 4.3631 7.5571 8.6028 

Eu1 
Eu2 
Zn1 
Zn2 
Ge1 
Ge2 

0 
1/2 
0 

1/2 
0 

1/2 

0 
1/2 
2/3 
5/6 
1/3 
1/6 

0 
0 

1/4 
1/4 
1/4 
1/4 

6 Pmcm 
[51] 4.3631 7.5571 17.2056 

Eu1 
Eu2 
Eu3 
Eu4 
Zn1 
Zn2 
Ge1 
Ge2 

0 
1/2 
0 

1/2 
0 

1/2 
0 

1/2 

0 
1/2 
0 

1/2 
2/3 
5/6 
1/3 
1/6 

0 
0 

1/4 
1/4 
1/8 
1/8 
1/8 
1/8 

7 Pmmm 
[47] 4.3631 7.5571 4.3014 

Eu1 
Eu2 
Zn1 
Ge1 

0 
1/2 
0 

1/2 

0 
1/2 
1/3 
1/6 

0 
0 

1/2 
1/2 

8 Pmmm 
[47] 4.3631 7.5571 8.6028 

Eu1 
Eu2 
Zn1 
Zn2 
Ge1 
Ge2 

1/2 
0 
0 

1/2 
1/2 
0 

1/2 
0 

1/3 
1/6 
1/6 
1/3 

1/4 
1/4 
0 

1/2 
0 

1/2 

9 Pmmm 
[47] 4.3631 7.5571 17.2056 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Ge1 
Ge2 
Zn1 
Zn2 

0 
1/2 
0 

1/2 
0 

1/2 
1/2 
0 
0 

1/2 

0 
1/2 
0 

1/2 
0 

1/2 
1/6 
1/3 
1/3 
1/6 

0 
0 

1/4 
1/4 
1/2 
1/2 
1/8 
3/8 
1/8 
3/8 

10 P6mm 
[183] 4.3631 4.3631 8.6028 

Eu1 
Eu2 
Zn 
Ge 

0 
0 

1/3 
1/3 

0 
0 

2/3 
2/3 

0 
1/2 
1/4 
3/4 
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Table S4. Structural information of five Eu(Zn0.25Ge0.75)2 models shown in Figure 9. 
  

Model Space 
Group 

Lattice Parameter (Å) Atomic Coordinate 

a b c atom x y z 

1 P222 
[16] 8.788 15.222 8.664 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 
Eu10 
Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 
Zn1 
Zn2 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 
0 

1/4 
1/2 
0 

1/4 
1/2 
3/4 
3/4 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 
1/6 

1/12 
1/6 
1/3 

0.41667 
1/3 

1/12 
0.41667 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 
1/4 

2 P121 
[3] 15.222 8.788 

β = 90° 8.664 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 
Eu10 
Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 
Ge7 
Ge8 
Ge9 
Ge10 
Ge11 
Ge12 
Zn1 
Zn2 
Zn3 
Zn4 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 
0 

1/4 
1/2 
0 

1/4 
1/2 
0 

1/2 
3/4 
0 

1/2 
3/4 
3/4 
3/4 
1/4 
1/4 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 
1/6 

1/12 
1/6 
1/3 

0.41667 
1/3 
2/3 
2/3 

0.5833 
5/6 
5/6 

0.9167 
1/12 

0.41667 
0.5833 
0.9167 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
0.3 
0.2 
0.3 
0.2 
0.3 
0.2 
0.3 
0.3 
0.2 
0.2 
0.2 
0.3 
0.2 
0.3 
0.2 
0.3 

3 P121 
[3] 8.788 15.222 

β = 90° 8.6028 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 
Eu10 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
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Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 
Ge7 
Ge8 
Ge9 
Ge10 
Ge11 
Ge12 
Zn1 
Zn2 
Zn3 
Zn4 

0 
1/4 
1/2 
0 

1/4 
1/2 
0 

1/2 
3/4 
0 

1/2 
3/4 
3/4 
3/4 
1/4 
1/4 

1/6 
1/12 
1/6 
1/3 

0.41667 
1/3 
2/3 
2/3 

0.5833 
5/6 
5/6 

0.9167 
1/12 

0.41667 
0.5833 
0.9167 

0.3 
0.2 
0.3 
0.2 
0.3 
0.2 
0.3 
0.3 
0.2 
0.2 
0.2 
0.3 
0.2 
0.3 
0.2 
0.3 

4 P222 
[16] 8.788 15.222 8.6028 

Eu1 
Eu2 
Eu3 
Eu4 
Eu5 
Eu6 
Eu7 
Eu8 
Eu9 
Eu10 
Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 
Zn1 
Zn2 

0 
1/2 
0 

1/2 
0 

1/2 
1/4 
1/4 
0 

1/2 
0 

1/4 
1/2 
0 

1/4 
1/2 
3/4 
3/4 

0 
0 

1/2 
1/2 
0 
0 

1/4 
1/4 
1/2 
1/2 

0.16667 
1/12 
1/6 
1/3 

0.41667 
1/3 

1/12 
0.41667 

0 
0 
0 
0 

1/2 
1/2 
0 

1/2 
1/2 
1/2 
0.3 
0.2 
0.3 
0.2 
0.3 
0.2 

0.2667 
0.2333 

5 P-6m2 
[187] 4.2358 4.2358 29.1318 

Eu1 
Eu2 
Eu3 
Zn1 
Zn2 
Ge1 
Ge2 
Ge3 
Ge4 
Ge5 
Ge6 

0 
0 
0 

2/3 
1/3 
1/3 
1/3 
2/3 
1/3 
2/3 
2/3 

0 
0 
0 

1/3 
2/3 
2/3 
2/3 
1/3 
2/3 
1/3 
1/3 

0.0785 
1/4 

0.4215 
0 

1/2 
0 

0.1801 
0.1485 
0.3515 
0.3199 

1/2 
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Figure S5. Electronic energy band structures of Eu(Zn0.5Ge0.5)2 with fatband contributions for px and py 
orbitals (top) and pz orbitals (bottom) from Ge, using the TB-LMTO-ASA method in the LSDA. 
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Figure S6. Electronic energy band structures of Eu(Zn0.5Ge0.5)2 with fatband contributions for px and py 
orbitals (top) and pz orbitals (bottom) from Zn, using the TB-LMTO-ASA method in the LSDA. 
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CHAPTER 5 

 

Structure-Composition Sensitivity in “Metallic” Zintl Phases: A Study of 

Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤1) 
 

A paper to be submitted to Chemistry of Materials 

 

Tae−Soo You,1,2 Jing-Tai Zhao,3 Rainer Pöttgen,4 Yuri Grin,5 and Gordon J. Miller1,6 

 

 

 
5.1 Abstract 

The series of two isoelectronic polar intermetallic Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 

1) series has been synthesized and characterized by powder and single crystal X-ray 

diffraction, physical property measurements, and theoretical calculations. In the 

Eu(Ga1−xSix)2 series, structural variation ranges from the KHg2-type at low x values to the 

AlB2-type and, finally, the ThSi2-type structure as x approaches 1. The hexagonal AlB2-type 

structure (space group P6/mmm, Pearson symbol hP3) occurs only for ternary compositions 

with a phase width in which 0.22 (6) ≤ x ≤ 0.82(2), and Ga and Si atoms are statistically 

distributed in the planar polyanionic 63 nets. As smaller Si atoms replace Ge atoms, the 

lattice parameters a and c, as well as the unit cell volumes decrease significantly. In addition, 

the Ga-Si distances decreases from 2.440(2) Å for Eu(Ga0.71(2)Si0.28(2))2 to 2.3750(2) Å for 

Eu(Ga0.32(2)Si0.68(2))2 as the number of valence electrons increases by ca. 1.0. On the other 

_______________ 
1 Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
2 Primary researcher and author 
3 Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai, 200050  China 
4 Institut für Anorganische und Analytische Chemie, Universität Münster, Münster, Germany 
5 Max-Planck-Institut für Chemische Physik fester Stoffe, Nöthnitzer Straße 40, 01187 Dresden, Germany 
6 Author for correspondence 
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hand, in Eu(Ga1−xGex)2 series, six different structural types exist as x increases. Besides two 

binary compounds, the KHg2-type for EuGa2 (in the space group Imma) and its own type for 

EuGe2 (in the space group 3 1P m ), ternary compositions adopt four different structures 

derived from the AlB2- and the YPtAs-like motifs: the AlB2-type structure for Ga-rich 

compositions, the YPtAs-type structure for the equiatomic composition, and two new 

structures for Ge-rich compositions. Observed two Ge-rich phases include: 1) 

Eu(Ga0.45(2)Ge0.55(2))2 containing nine puckered 63 nets stacked along the c-axis with a Ge-

only hexagonal layer in the midst of a crystallographic unit cell, and 2) Eu(Ga0.40(2)Ge0.60(2))2 

containing five puckered 63 nets stacked along c-axis with a split site at x = 2/3, y = 1/3 and z 

= 0.4798(2) with ca. 50 % site occupancies. Temperature-dependent magnetic susceptibility 

measurements of three Eu(Ga1−xGex)2 compounds display Curie−Weiss behavior above ca. 

100(2) K, and show effective magnetic moments of, respectively, 7.98(1)μB for 

Eu(Ga0.50(2)Ge0.50(2))2, 7.96(1)μB for Eu(Ga0.45(2)Ge0.55(2))2, and 7.99(1)μB for 

Eu(Ga0.40(2)Ge0.60(2))2, all of which indicates a 4f7 electronic configuration for Eu. X-ray 

absorption spectra (XAS) are also consistent with these magnetic properties. Electronic 

structure calculations supplemented by density of states (DOS) and crystal orbital Hamilton 

population (COHP) analyses rationalize the observed homogeneity width of the AlB2-type 

phase in both systems and the structural variations as a function of Tt content.  

 

 

5.2 Introduction  

Polar intermetallic compounds represent an interesting class of inorganic solids to 

study relationships among crystal structure, physical property, and chemical composition.1 

This class of compounds consists of electropositive elements (i.e., alkali-, alkaline-earth or 

rare-earth metals) and electronegative elements close to the Zintl border. The electronegative 

elements form structural fragments that often conform to simple electron counting rules, such 

as the Zintl−Klemm formalism,2−4 and give rise to an electronic structure characterized by a 

pseudogap in the electronic density of states (DOS) curve and optimized orbital interactions 

at the Fermi level.5 These orbital interactions are evaluated by a population analysis of the 
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DOS curve.6,7 On the other hand, the electropositive metals act like cations, which simply 

donate valence electrons to the electronegative components as in classical valence 

compounds or Zintl phases. However, in polar intermetallic compounds these cationic metals 

do not transfer all valence electrons to the electronegative component, but are involved in 

“lattice covalency” through their valence orbitals,8 and, thus form polar-covalent interaction 

with the electronegative metals. The presence of the pseudogap at the Fermi level can lead to 

potentially interesting physical properties, especially if rare-earth metals serve as the active 

metal because of partially filled 4f bands.9 In general, polar intermetallics can be considered 

as a compound class intermediate between classical intermetallic compounds, such as, e.g., 

Hume−Rothery electron phases, and Zintl phases.2−4    

During our systematic investigation of the Eu(M1−xM′x)2 phases (M, M′ = Group 

12−14 elements) to study the correlation among atomic, electronic, and possible magnetic 

structures by varying atomic sizes and valence electron counts, we have observed, to date, 

different structural trends for two isoelectronic Eu(Ga1−xTtx)2 (Tt = Si, Ge) systems as x varies. 

In the Eu(Ga1−xSix)2 series, structural variation ranges from the KHg2-type at low x values to 

the AlB2-type and, finally, the ThSi2-type structure as x approaches 1. The AlB2-type 

structure occurs only for ternary compositions. The ternary compounds adopting the AlB2-

type phase are related to the superconducting AEAlSi (AE = Ca and Sr) phases,10−14 which 

are receiving recent attention for their similarity to superconducting MgB2
15 with respect to 

their atomic structures and valence electrons counts. In Eu(Ga1−xGex)2, however, six different 

structural types exist as x increases. Besides two binary compounds, the KHg2-type for 

EuGa2 and its own type for EuGe2, ternary compositions adopt four different structures 

derived from the AlB2- and the YPtAs-like motifs. In our previous investigations, we have 

characterized and analyzed the influence of the atomic size factor16 and valence electron 

count17 on the anionic networks causing the transition from planar to puckered three-

connected nets, respectively, for EuGaTt (Tt = Si, Ge, Sn)16 and Eu(Zn1−xGex)2 (0 ≤ x ≤ 1).17 

In this work, we examine the influence of these two factors simultaneously for the 

Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 1) series.  
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5.3 Experimental  

5.3.1 Synthesis and Chemical Analysis  

The Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 1) series were synthesized from the pure elements, Eu 

(Ames Laboratory, rod, 99.99%), Ga (Ames Laboratory, ingot, 99.99%), Si (Aldrich, piece, 

99.999%) and Ge (Alfa, piece, 99.999%) in various molar ratios.  

Eu(Ga1−xSix)2. Eight different mixtures targeting Eu(Ga1−xSix)2 (0 ≤ x ≤ 1) and each weighing 

1.0 ± 0.2 g were arc-melted under a high purity argon atmosphere on a water-cooled copper 

hearth. Each pellet was remelted six times after turning to ensure homogeneity. As discussed 

previously,16 although we observed weight losses of ca. 0.4-0.7 wt % during arc-melting, 

these losses did not affect the final targeted compositions. Moreover, samples prepared using 

either a radio-frequency (RF) induction-furnace or a conventional tube furnace yielded 

identical products, but crystals extracted from these products were less suitable for 

subsequent diffraction experiments. Further details about the synthetic methods and 

characterization of these products are described in an earlier article.16 EuGa2 was easily 

synthesized using arc-melting without any subsequent low temperature annealing procedure 

unlike original reports18−19 but in agreement with a later publication.20 On the basis of the 

powder X-ray diffraction patterns along the series, all samples showed proper crystallinities 

to pursue subsequent single-crystal X-ray experiments without any further annealing.    

Eu(Ga1−xGex)2. Eight samples of Eu(Ga1−xGex)2 (0 ≤ x ≤ 1) were prepared using RF 

induction melting at 1300 °C with a holding time of 15 min. Reactant mixtures were loaded 

into tantalum ampoules, which were sealed by arc-melting in an argon-filled glove box with 

the concentration of O2 lower than 10 ppm.  Each tantalum ampoule was then sealed in an 

evacuated silica jacket to prevent oxidation. According to the powder X-ray diffraction 

patterns, no annealing was necessary for these products to improve crystallinity except the 

equiatomic composition Eu(Ga0.50(2)Ge0.50(2))2. Thus, one-half of the Eu(Ga0.50(2)Ge0.50(2))2 

product was wrapped with tantalum foil and annealed at 350 ºC in an evacuated fused silica 

jacket for one week. After heating, the furnace was turned off and allowed to cool to room 

temperature. 
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          All sixteen products of the Eu(Ga1−xTtx)2 series (Tt = Si, Ge, 0 ≤ x ≤ 1) appeared to be 

stable to exposure to both air and moisture over several weeks. Analysis by energy-dispersive 

X-ray spectroscopy (EDXS) was conducted on Hitachi S-2460N variable-pressure scanning 

electron microscope (SEM) equipped with an Oxford Instruments Link Isis Model 200 X-ray 

analyzer. The corresponding pure elements were used as standards for intensity references.  

 

5.3.2 Crystal Structure Determination  

The Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 1) series was characterized at room 

temperature by both powder and single-crystal X-ray diffraction. Phase analysis and lattice 

parameters were determined on a Huber 670 image-plate powder diffraction camera (Cu Kα1 

radiation, λ = 1.54059 Å) with a step size of 0.005° and exposure time of 1-2 hours. Data 

acquisition was controlled via the in situ program. The crystal system and the lattice 

parameters were obtained from Rietveld refinement using program Rietica.21 

           For single crystal X-ray diffraction experiments, several silvery block- or plate-shaped 

crystals were selected from the cast of each product. The quality of each crystal was checked 

by a rapid scan on a Bruker SMART Apex CCD diffractometer with Mo Kα1 radiation (λ = 

0.71073 Å), and then the best crystals were chosen for further data collection. Diffraction 

data were harvested from three sets of 606 frames on a full sphere with 0.3° scans in ω and 

with an exposure time of 10 sec per frame. For experiments conducted on a STOE IPDS 

diffractometer, data were harvested from two sets of 180 frames with an exposure time of 1 

min per frame. Data collection on the STOE STADI 4 machine was done in usual θ/2θ mode. 

Relevant parameters of data collection are given in Table 1. 

           Intensities were extracted and then corrected for Lorentz and polarization effects using 

the SAINT program.22 The program SADABS22 was used for empirical absorption correction. 

Numerical absorption corrections were applied using the X-RED/X-SHAPE program.23 The 

space group was determined by program XPREP in the SHELXTL software package.24 The 

structures were solved by direct methods and refined on F2 by full-matrix least-squares 

methods using the SHELXTL24 or WinCSD25 software packages. The entire sets of reflections 

for the ternary Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 1) series were matched with hexagonal or 

trigonal crystal systems. Further analysis led us to choose P6/mmm (AlB2-type) for 
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Eu(Ga1−xSix)2 (0.22(6) ≤ x ≤ 0.82(2)).  During refinements of Eu(Ga1−xGex)2 (0.25 ≤ x ≤ 0.60), 

the Ga and Ge atoms could not be distinguished given the X-ray scattering factors for Ga and 

Ge atoms which differ by at most 3.1%. Moreover, interatomic distances within a unit cell 

were also not useful to distinguish Ga and Ge atoms due to their similar covalent radii: r(Ga) 

= 1.25 Å and r(Ge) = 1.22 Å.26 However, as we reported in our earlier investigation,16 

electronic structure calculations performed on several structural models of EuGaGe provided 

a clear energetic minimum, which agreed with structural characterization of EuGaSn. Thus, 

we utilized similar calculations to address these structures and their compositions. 

Furthermore, the chemical composition of all compounds obtained from EDXS analysis very 

well matched the loading composition.  

 

5.3.3 X-ray Absorption Spectroscopy (XAS)  

XAS measurements on the Eu LIII edge of three Eu(Ga1−xGex)2 (x = 0.50(2), 0.55(2), 

0.60(2)) samples were examined at the EXAFS beam-line A1 of HASYLAB at DESY 

(Hamburg, Germany). Each sample was ground together with dry B4C powder before the 

measurement. Wavelength selection was realized by means of a double-crystal Si(111) 

monochromator of four crystal modes with digitally stabilized components. Resolution was 

about 2 eV (fwhm) at the Eu LIII edge of 6977 eV. Eu2O3 was used as a reference during the 

measurement.   

 

5.3.4 Magnetic Susceptibility Measurements  

Temperature dependent magnetic susceptibility of Eu(Ga1−xGex)2 (x = 0.50(2), 0.55(2), 

0.60(2)) samples were measured using a Quantum Design, MPMS XL-7 SQUID 

magnetometer. The measured temperature range was 1.8-400 K in a magnetic field of 0.1 T. 

The bulk samples (ca. 200 mg) from the same preparation as the one used for powder 

diffraction experiments were exploited for the magnetic measurements.  

 

5.3.5 Computational Details 

Tight-binding, linear muffin-tin orbital (TB-LMTO) calculations were carried out in 

the atomic sphere approximation (ASA) using the Stuttgart program.27 Exchange and 
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correlation were treated by the local spin density approximation (LSDA).28 All relativistic 

effects except spin-orbit coupling were taken into account by using a scalar relativistic 

approximation.29  

       In the ASA method, space is filled with overlapping Wigner-Seitz (WS) atomic spheres. 

The symmetry of the potential is considered spherical inside each WS sphere, and a 

combined correction is used to take into account the overlapping part.30 The radii of WS 

spheres were obtained by requiring that the overlapping potential be the best possible 

approximation to the full potential, and were determined by an automatic procedure.30 This 

overlap should not be too large because the error in kinetic energy introduced by the 

combined correction is proportional to the fourth power of the relative sphere overlap. No 

empty spheres (ES)27 were used, but the overlapping maximum was adjusted to fill up the 

interstitial space. The WS radii for the various elements covered the following ranges: Eu, 

2.09-2.26 Å; Ga, 1.30-1.52 Å; Si = 1.33 Å; Ge = 1.46-1.51 Å. More details are shown in 

Supplementary material (see Table S1). The basis sets included 6s, 6p, and 5d orbitals for Eu; 

4s, 4p, and 4d orbitals for Ga; 3s, 3p, and 3d orbitals for Si; 4s, 4p, and 4d orbitals for Ge. 

The Eu 6p, Ga 4d, Si 3d, and Ge 4d orbitals were treated by the Löwdin downfolding 

technique,27−29 and the Eu 4f wave functions were treated as core functions occupied by 7 

electrons. The crystal orbital Hamilton population (COHP) curves6 and the integrated COHP 

values (ICOHPs) were calculated to determine the relative influences of various interatomic 

orbital interactions. The k-space integrations were performed by the tetrahedron method.31 

The self-consistent charge density was obtained using 296 irreducible k-points in the 

Brillouin zone for the hexagonal cell. The contribution of the nonspherical part of the charge 

density to the potential was neglected. 

 

5.4 Results and Discussion 

5.4.1 Crystal Structures 

Eu(Ga1−xSix)2 (0.22(6) ≤ x ≤ 0.82(2)) adopt only the AlB2-type structure (space group 

P6/mmm) with a wide homogeneity width, whereas Eu(Ga1−xGex)2 (0.25(2) ≤ x ≤ 0.60(2)) 

crystallize in four different structure types, all of which can be described as derivatives of the 
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AlB2-typ structure. Important crystallographic data for Eu(Ga1−xSix)2 (x = 0.29(1), 0.33(1), 

0.50(2), 0.69(1)) and Eu(Ga1−xGex)2 (x = 0.25(2), 0.35(2), 0.45(5), 0.50(2), 0.55(2), 0.60(2)) 

are summarized in Tables 1-2 (also see Supplementary materials Table S2 and S3).  

 
 

Table 1. Single Crystal Crystallographic Data for Eu(Ga1−xSix)2  

Loaded composition Eu(Ga0.74Si0.26)2 Eu(Ga0.70Si0.30)2 Eu(Ga0.50Si0.50)2 Eu(Ga0.33Si0.67)2 

Empirical formula Eu(Ga0.71(1)Si0.29(1))2 Eu(Ga0.67(1)Si0.33(1))2 Eu(Ga0.50(1)Si0.50(1))2 Eu(Ga0.31(1)Si0.69(1))2 

Formula weight  
(g mol-1) 267.18 263.91 249.77 233.95 

Lattice params (Å) a = 4.2431(6) a = 4.2267(3) a = 4.1698(2) a = 4.1087(6) 

 c = 4.5829(9) c = 4.5846(5) c = 4.5592(4) c = 4.5384(9) 

Vol (Å3) 71.46(2) 70.93(1) 68.651(8) 66.35(2) 

Density calcd.  
(g cm-3) 5.804 5.847 6.041 5.897 

Diffractometer STOE IPDS SMART Apex  STOE IPDS STOE IPDS 

2θ range (deg) 8.90−68.4 8.9−70.04 8.94−69.72 8.98−69.44 

Index ranges 
−6 ≤ h ≤ 6,  
−6 ≤ k ≤ 6, 
−6 ≤ l ≤ 7 

−6 ≤ h ≤ 6,  
−6 ≤ k ≤ 6, 
−7 ≤ l ≤ 7  

−6 ≤ h ≤ 6,  
−6 ≤ k ≤ 6, 
−7 ≤ l ≤ 7 

−6 ≤ h ≤ 5,  
−6 ≤ k ≤ 6, 
−7 ≤ l ≤ 6 

Reflns collected 1263 1020 1030 1312 

Independent reflns 86 [Rinit = 0.0493] 89 [Rinit = 0.0208] 87 [Rinit = 0.0172] 84 [Rinit = 0.0659] 

Data/refined params 86/6 89/6 87/6 84/6 

GOF on F2 1.192 1.146 1.190 1.173 

R indices [I > 2σ(I)] R1 = 0.0212, 
wR2 = 0.0594 

R1 = 0.0097, 
wR2 = 0.0235 

R1 = 0.0085, 
wR2 = 0.0216 

R1 = 0.0125, 
wR2 = 0.0320 

R indices (all data) R1 = 0.0212, 
wR2 = 0.0594 

R1 = 0.0097, 
wR2 = 0.0235 

R1 = 0.0085, 
wR2 = 0.0216 

R1 = 0.0125, 
wR2 = 0.0320 

Largest diff. peak and 
 hole (e−/Å3) 1.569/−1.806 0.483/−0.630 0.672/−0.414 0.439/−0.780 
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Eu(Ga1−xSix)2. Along the entire Eu(Ga1−xSix)2 series, three different structure types are 

observed as clearly seen in powder X-ray diffraction patterns (Figure 1). Single-phase 

products adopting the AlB2-type structure appear in the region of 0.22(6) ≤ x ≤ 0.82(2). Two 

two-phase regions, where diffraction patterns from two boundary phases are detected, 

surround this single-phase region. All Rietveld refinements of powder diffraction patterns 

produced lattice parameters in excellent agreement with those obtained from single crystal X-

ray diffraction throughout the series. The three observed crystal structures are illustrated in 

Figure 2.  

EuGa2 adopts the orthorhombic KHg2-type structure in the space group Imma, which 

is closely related to the AlB2-type structure since both structural types contain hexagonal 

anionic networks stacked in an eclipsed manner with larger atoms located between these 

networks.  Ga atoms form a 3-dimensional 4-connected (3D4C) net based on six-membered 

chair-shaped rings which lie directly above/below each other in an alternating way32 and 

create a distorted tetrahedral environment at each Ga atom20. Two Ga−Ga bond distances are 

observed within pseudo hexagonal nets: 2.654(1) Å and 2.6916(9) Å; a slightly larger 

distance of 2.812(1) Å was found between these layers20. Larger Eu atoms fill the voids 

within these chair-shaped networks, and are symmetrically displaced along the y-axis away 

from these networks.  

 
 

 
 

Figure 2. Three observed crystal structures of the Eu(Ga1−xSix)2  (0 ≤ x ≤ 1) series 

 

EuGa2  

(KHg2-type, 8 e−) 

EuSi2  

(ThSi2-type, 10 e−) 

Eu(Ga1−xSix)2 (0.22(6) ≤ x ≤ 0.82(2)) 

(AlB2-type, 8.44(12) – 9.64(4) e−) 
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Figure 3. Lattice parameter a, c and d(Ga−Si) (a),unit cell volume (b), and c/a ratio and the corresponding 
number of valence electrons (c) of the AlB2-type phase of Eu(Ga1−xSix)2 as a function of Si amounts.  
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As Si atoms replace Ga atoms in EuGa2, a mixture of KHg2-type and AlB2-type 

structures occurs, as seen in the powder X-ray diffraction patterns in Figure 1(b). As the Si 

content increases, the patterns indicate single-phase, AlB2-type phases. Refinements of single 

crystal diffraction data indicate that Ga and Si atoms are statistically distributed on the 2d 

sites and form honeycomb-like 2
∞ [(Ga1−xSix)2] planar nets, while Eu atoms are located in the 

hexagonal prismatic voids between these nets.33 Refinements and chemical analyses of 

Eu(Ga1−xSix)2 samples containing AlB2-type structures indicate the lower boundary of 

composition lies between x = 0.16(2) and 0.28(2), while the upper boundary extends up to at 

least x = 0.82(2).  Therefore, the observed range of composition, 0.22(6) ≤ x ≤ 0.82(2), 

corresponds to 8.44(12)-9.64(4) valence electrons per formula unit.  

  As illustrated in Figure 3 plots the lattice parameters a and c, as well as the unit cell 

volumes decrease significantly as smaller Si atoms replace Ga atoms (covalent radii: r(Si) = 

1.17 Å, r(Ga) = 1.25 Å).26  Moreover, a drops faster than c, so the c/a ratios increase.  In 

addition to the size effect, however, the number of valence electrons increases by ca. 1.0 

electron, and the Ga−Si distances decrease from 2.440(2) Å for Eu(Ga0.71(2)Si0.28(2))2 to 

2.3750(2) Å for Eu(Ga0.32(2)Si0.68(2))2.  

Beyond the experimentally observed homogeneity range of the AlB2-type phase, i.e., 

x ≥ 0.82(2), products begin to contain the ThSi2-type phase (space group I41/amd) in addition 

to an AlB2-type phase, as shown in Figure 1(e). Refinement of the powder X-ray diffraction 

patterns also suggest that Ga substitutes for a small amount of Si atoms in EuSi2, but we did 

not pursue any further analysis.  At x = 1, the ThSi2-type, EuSi2 phase (see Figure 2(right)) 

crystallizes as a single-phase product, see Figure 1(f).   

Eu(Ga1−xGex)2. Two binary end compounds of this series, EuGa2 and EuGe2, adopt, 

respectively, the KHg2-type (in the space group Imma)18,19 and the EuGe2-type (in the space 

group 3 1P m ).33 For ternary compositions, we have found four distinct, but structurally 

related compounds: the AlB2-type structure for Ga-rich compositions, the YPtAs-type 

structure for the equiatomic composition, and two new structures for Ge-rich compositions. 

The crystal structures for x ≥ 0.50 are based on puckered 63 nets of Ga/Ge atoms stacked in 

an eclipsed fashion along the c-axis. The powder X-ray diffraction patterns are illustrated in  
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Figure 4, and all lattice parameters obtained from powder X-ray diffraction are in good 

agreement to those from single crystal X-ray diffractions.  

Two Ga-rich compounds, Eu(Ga0.75(2)Ge0.25(2))2 and Eu(Ga0.65(2)Ge0.35(2))2, crystallize 

in the AlB2-type structure (Figure 5); the powder patterns of Eu(Ga0.75(2)Ge0.25(2))2 is shown in 

Figure 4(a).  As in the Eu(Ga1−xSix)2 phases, the Ga and Ge atoms are statistically distributed 

at the 2d site. Furthermore, there is no evidence to suggest any in-plane or out-of-plane 

ordering of Ga and Ge atoms throughout the structure.  

As the composition reaches an equiatomic ratio EuGaGe, the YPtAs-type structure 

forms (see Figure 5), which can be described as a puckered derivative of the AlB2-type 

structure yielding a quadrupled lattice parameter c because of the stacking sequence of 63 

nets.16  Ga and Ge atoms form puckered three-bonded, alternating hexagonal layers, and this 

observed puckering mode locates Ga atoms closer to and Ge atoms farther from each other 

between adjacent layers. Furthermore, there are two distinct coordination environments at the 

Eu sites: Eu(1) is surrounded by an octahedron of Ge atoms, whereas Eu(2) is surrounded by 

a trigonal prism of Ga atoms. Assigning the positions for Ga and Ge atoms could be obtained 

by (1) differentiation between Ga and Sn in isostructural EuGaSn; (2) total energy 

comparisons obtained from electronic structure calculations on different atomic 

arrangements; and (3) the differential isotropic thermal displacement parameters (U11) at the 

two 4f sites.16 In Figure 4(b), the diffraction peaks generated by this quadrupled unit cell are 

clearly detected at 2θ = 28.62°, 34.33°, and 62.03° among strong diffraction peaks which 

exist for Eu(Ga0.75(2)Ge0.25(2))2. 

Two Ge-rich phases in Eu(Ga1−xGex)2, x = 0.55 and 0.60, adopt two complex 

structures, which also can be described as puckered derivatives of the AlB2-type structure. 

Eu(Ga0.45(2)Ge0.55(2))2 contains nine puckered 63 nets stacked along the c-axis (see Figure 5). 

During refinement, we adopted the manner in which Ga and Ge atoms are distributed in 

Eu(Ga0.50(2)Ge0.50(2))2, with Ga atoms located closer to and Ge atoms located farther away 

from each other between adjacent layers. During this process, we identified a single 

hexagonal layer in the unit cell that should contain only Ge atoms because the atoms on this 

layer are located away from atoms both above and below this layer. Furthermore, by 

assigning Ge atoms to these sites, we agree with the loaded chemical composition, which is 
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also confirmed by EDXS measurements. This structure type is a combination of two YPtAs-

type EuGaGe unit cells with one EuGe2 unit cell. 

 
 

 

Figure 5.  Six Crystal Structures of Eu(Ga1−xGex)2 (0 ≤ x ≤ 1) series. 

 
 

A second phase, Eu(Ga0.40(2)Ge0.60(2))2, contains five puckered 63 nets stacked along c-

axis in the crystallographic unit cell. During refinement, we observed an anomalously large 

thermal parameter (U33) for one 1f site at x = 2/3, y = 1/3, and z = 1/2. Thus, we refined this 

site as a split site, in which two symmetrically identical 2i sites with ca. 50 % site 

occupancies at x = 2/3, y = 1/3, and z = 0.4798(2) are chosen over one 1f site located on a 

mirror plane. We assigned Ga and Ge atoms as for Eu(Ga0.50(2)Ge0.50(2))2 and 

Eu(Ga0.45(2)Ge0.55(2))2. To achieve agreement with the chemical composition confirmed by 

EDXS, we assign Ga to one of two split-sites. 
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Figure 6. Temperature dependence of the magnetic susceptibilities and the reciprocal susceptibilities for 
Eu(Ga1−xGex)2 (x = 0.50(2), 0.55(2), 0.60(2)).  
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5.4.2 Magnetic Susceptibilities  

Temperature dependent magnetic susceptibilities and reciprocal susceptibilities of 

three Eu(Ga1−xGex)2 compounds (x = 0.50(2), 0.55(2), 0.60(2)) were measured at 0.1 T, and 

shown in Figure 6. All three compounds show Curie-Weiss behavior at temperature above, 

130(1) K for Eu(Ga0.50(2)Ge0.50(2))2; 140(1) K for Eu(Ga0.45(2)Ge0.55(2))2; 100(1) K for 

Eu(Ga0.40(2)Ge0.60(2))2. However, below these temperatures, the susceptibilities become 

dependent on the external magnetic field and present antiferromagnetic ordering, respectively, 

with θp = +14.45(5) K for Eu(Ga0.50(2)Ge0.50(2))2, +6.74(4) K for Eu(Ga0.45(2)Ge0.55(2))2, and 

+4.81(5) for Eu(Ga0.40(2)Ge0.60(2))2. Fitting the linear 1/χ versus T curves above ca. 130 K give 

effective magnetic moments to be 7.98(1)μB for Eu(Ga0.50(2)Ge0.50(2))2, 7.96(1)μB for 

Eu(Ga0.45(2)Ge0.55(2))2, and 7.99(1)μB for Eu(Ga0.40(2)Ge0.60(2))2, measurements all of which are 

very close to the value of the Eu2+ free ion, 7.94 μB, to indicate a 4f7 electronic configuration 

for Eu.  

 
Figure 7.  XAS spectra of Eu(Ga1−xGex)2 (x = 0.50(2), 0.55(2), 0.60(2)) 
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5.4.3 Eu LIII XAS Measurements  

In Figure 7, sharp absorption maxima are observed at ca. 6977 eV for three 

Eu(Ga1−xGex)2 (x = 0.50(2), 0.55(2), 0.60(2)) samples, which further indicates a 4f7 electronic 

configuration at the Eu atoms.  Small shoulders are observed in these spectra at ca. 10 eV 

higher than the main absorption peak, which are assigned to small traces of Eu2O3 (electronic 

configuration 4f6, Eu3+) in all three samples.      
 

 

5.4.4 Electronic Structure Calculations  

To investigate the electronic structure and chemical bonding features that contribute 

to the structural trends and atomic distributions in Eu(Ga1−xTtx)2 (Tt = Si, Ge, 0 ≤ x ≤ 1), TB-

LMTO-ASA electronic structure calculations were carried out on observed and hypothetical 

models of the crystal structures. In particular, DOS and COHP curves were carefully 

analyzed to understand the observed homogeneity range of the AlB2-type phase of 

Eu(Ga1−xTtx)2. For all systems, the DOS curves for the majority and minority spin states 

differed only slightly, so subsequent DOS curves illustrate their superpositions. 

EuGa2. The DOS and two Ga−Ga COHP curves are illustrated in Figure 8, with the Fermi 

level (EF) shown as the reference energy value. The Ga 4p bands dominate the total DOS in 

the region below EF, which occurs near a pseudogap. Eu 5d and 6s bands show significant 

contributions to the total DOS above EF. This decomposition of the total DOS curve of 

EuGa2 is indicative of a polar intermetallic compound.5 Two COHP curves correspond to two 

types of Ga−Ga bonds: (1) shorter bonds (2.654(1) Å and 2.6916(9) Å) within the 2-

dimensional (2D) hexagonal nets; and (2) a longer bond (2.812(1) Å) connecting these 2D 

nets to create the 3D network. The COHP curves for the longer and shorter Ga−Ga contact 

are nearly optimized at EF. Since EuGa2 adopts the same KHg2-type structure as EuZn2 

which we studied in our earlier work,17 DOS and COHP curves of these two compounds can 

be compared, and, in fact, are very similar to each other. In our work for Eu(Zn1−xGex)2,17 we 

suggested that a small amount of Ge substitution for Zn in EuZn2 might exist on the basis of 

the observed lattice constant changes detected from powder X-ray patterns. This suggestion 

could be supported by the Zn−Zn COHP curve: EF fell among bonding states and the DOS 
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remained Zn−Zn bonding up to ca. 1.3 eV above EF. EuGa2 contains two more valence 

electrons than EuZn2, and Ga−Ga COHP curve is, indeed, nearly optimized at EF.  

 

Figure 8. DOS and COHP curves for EuGa2. (Left) Total DOS (solid line), Eu PDOS (white region) and Ga 
PDOS (black region). (Right) Two types of Ga−Ga COHP curves. The Fermi level is indicated by the long solid 
line and is the energetic reference (0 eV). 
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Therefore, analysis of COHP curves proves that there exists the homogeneity range for the 

Eu(Zn1−xGex)2 series in the KHg2-type structure, which corresponds to a maximum of 8 

valence electrons per formula unit.  

Eu(Ga1−xSix)2 (AlB2-type).  Ternary silicide compounds for 0.22(6) ≤ x ≤ 0.82(2) crystallized 

in the AlB2-type structure, and X-ray diffraction concluded the complete absence of ordering 

of Ga and Si. However, we considered a local short-range ordering between Ga and Si for 

theoretical calculations. Thus, we constructed three ordered, model structures of 

Eu(Ga0.50(2)Si0.50(2))2 for TB-LMTO calculations. All models contain planar [ ]2 GaSi
∞

 layers 

with only Ga−Si contacts (an alternant 63 sheet), but differ from each other in how these 63 

nets stack along c-axis. Detailed descriptions of model structures and calculation methods 

can be found in a previous article.16 These calculations concluded that an ordered structure, 

which contains 63 sheets alternating along the c-axis to create Ga⋅⋅⋅Si interactions between 

planes in the space group P63/mmc (Figure 9, top) is the most stable structure. Thus, we 

utilized this model structure for subsequent DOS and COHP analysis.  

Figure 9 (bottom) displays DOS and COHP curves, where EF is the reference energy 

value in these curves. Throughout the entire DOS curve, significant mixing between valence 

orbitals of Eu and Ga/Si atoms are observed. In particular, the region below ca. −1.0 eV 

shows significant contributions from Ga and Si atoms, whereas the region above −1.0 eV is 

dominated by valence orbitals at Eu. A pseudogap at ca. −1.0 eV in the DOS curve 

corresponds to a valence band filling of 8 valence electrons per formula unit, which nearly 

matches the top of the Ga-Si bonding states shown in the adjacent COHP curve. In fact, EF of 

EuGaSi falls nearly in essentially nonbonding states of the Ga-Si COHP curve. These 

nonbonding states extend ca. ±0.5 eV around EF, indicating that a certain amount of 

additional electrons could be introduced above EF without filling any significant Ga-Si 

antibonding states. Moreover, Eu-Ga and Eu-Si COHP curves stay in bonding states around 

this region. Although the Eu-Si and Eu-Ga COHP curves remain among bonding states, 

respectively, up to ca. 1 eV and ca. 2 eV above EF, additional electrons should not exceed ca. 

0.5 eV above EF because it would introduce significant antibonding states to the Ga-Si 

COHP curve. 
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Figure 9.  (Top) Structural model of Eu(Ga0.50Si0.50)2. See text for detailed descriptions. Eu: gray; Ga: red; Si: 
green. (Bottom) DOS and COHP curves for Eu(Ga0.50Si0.50)2. (Left) Total DOS (solid line), Eu PDOS (white 
region) and Si PDOS (gray region), and Ga PDOS (black region). (Right) Ga−Si, Eu−Si, and Eu−Ga COHP 
curves. The Fermi level is indicated by the long solid line and is the energetic reference (0 eV).  
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Therefore, we can consider the energy window for the AlB2-type structure to lie 

within ±0.5 eV of EF for EuGaSi, which corresponds to ca. 8.5-9.5 valence electrons. This 

theoretically obtained homogeneity range agrees well with the experimentally observed 

homogeneity range from ca. 8.44 e− for Eu(Ga0.78Si0.22)2 to 9.64 e− for Eu(Ga0.18Si0.82)2.  

Eu(Ga1−xGex)2 (AlB2-type). Two experimentally obtained Ga-rich compounds for x = 0.25 

and 0.35 adopt the AlB2-type structure in the space group P6/mmm. Although we did not 

attempt to determine the precise upper or lower boundaries of this phase, we are certain that a 

homogeneity width exists for Ga-rich compositions with x between 0.25 and 0.35. We were 

not able to differentiate Ga and Ge atoms using X-ray diffraction, but we considered a local 

short-range ordering between Ga and Ge for theoretical calculations as we considered 

previously for Ga and Si in the isostructural Eu(Ga1−xSix)2. 

DOS and COHP curves are illustrated in Figure 10. Most of the features of these 

curves are very similar to those of Eu(Ga1−xSix)2 in the AlB2-type phase, including Eu-Ga and 

Eu-Ge COHP curves which are optimized, respectively, at ca. 1 eV and ca. 2 eV above EF. A 

noticeable difference between the two compounds comes from the Ga-Ge COHP curve. 

Whereas the Ga-Si COHP curve of Eu(Ga1−xSix)2 shows essentially nonbonding states within 

±0.5 eV of EF for EuGaSi, the Ga-Ge COHP curve of “EuGaGe” is optimized at ca. 0.65 eV 

below EF and sharply changes into antibonding states above this point. On the other hand, the 

Eu-Ga and Eu-Ge COHP curves for EuGaGe closely resemble those for EuGaSi. Therefore, 

on the basis of COHP analyses, we can expect that the upper limit of the homogeneity range 

for Eu(Ga1−xGex)2 cannot exceed that of Eu(Ga0.50(2)Si0.50(2))2, and can extend to lower 

valence electron counts. The energy window for the homogeneity range of Eu(Ga1−xGex)2 

with the AlB2-type structure can occur between the optimum point of Ga-Ge COHP curve (ca. 

0.65 eV below EF corresponding to 8.25 e−) and EF. This can provide the reason that the 

AlB2-type structure is observed only in Ga-rich compositions corresponding to less than 9 

valence electrons for Eu(Ga1−xGex)2 series. In fact, two experimentally observed compounds 

adopting the AlB2-type structures have, respectively, 8.5 and 8.7 valence electrons, and these 

correspond to −0.42 and −0.25 eV below EF. 
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Figure 10. DOS and COHP curves for Eu(Ga1−xGex)2 (0.25 ≤ x ≤ 0.35, AlB2-type). (Left) Total DOS (solid 
line), Eu PDOS (white region), Ge PDOS (gray region), and Ga PDOS (black region). (Right) Ga−Ge, Eu−Ge, 
and Eu−Ga COHP curves. The Fermi level is indicated by the long solid line and is the energetic reference (0 
eV) 
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Figure 11.  (Top) Structural model of Eu(Ga0.50Ge0.50)2. See text for detailed descriptions. Eu: gray; Ga: red; 
Ge: purple. (Bottom) DOS and COHP curves for Eu(Ga0.50Ge0.50)2 (YPtAs-type). (Left) Total DOS (solid line), 
Eu PDOS (white region), Ge PDOS (gray region), and Ga PDOS (black region). (Right) Ga−Ge, Eu−Ga, and 
Eu−Ge COHP curves. The Fermi level is indicated by the long solid line and is the energetic reference (0 eV). 
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Eu(Ga0.50Ge0.50)2. EuGaGe crystallizes in the YPtAs-type structure instead of the AlB2-type 

structure with puckered [ ]2 GaGe
∞

layers and interlayer Ga⋅⋅⋅Ga contacts at 3.726(1) Å (Figure 

11, top). According to electronic structure calculations,16 the observed arrangement of Ga 

and Ge atoms with closer Ga⋅⋅⋅Ga contacts between [ ]2 GaGe
∞

 sheets was the most favorable 

structure. 

The corresponding DOS and Ga−Ge, Eu−Ga, and Eu−Ge COHP curves are also 

displayed in Figure 11 (bottom). These curves are qualitatively similar to those of the Ga-rich 

composition in the AlB2-type structure including the sharp maxima observed at ca. 1.7 eV 

below EF, which consists primarily of valence px and py orbitals of the anionic elements. The 

Eu−Ga and Eu−Ge COHP curves are optimized, respectively, at ca. 1 eV and ca. 2 eV above 

EF. However, there are also subtle differences in the DOS curves for the AlB2-type and 

YPtAs-type structures: (i) decreased intensity of the maximum valence peak and (ii) 

diminished deep minimum caused by filling the Eu 5d band (see Supplementary materials 

Figure S1). Ga−Ge COHP curves in each structure are quite different. Ga−Ga COHP curve 

of the YPtAs-type structure is nearly optimized at EF for the YPtAs-type structure, but falls 

in the relatively deep antibonding state at EF for the AlB2-type structure. This difference of 

Ga−Ge COHP curve can solely be attributed to the different layered structure of 

[ ]2 GaGe
∞

sheets (planar versus puckered), and explain the structural preference of the 

equiatomic composition toward YPtAs-type structure.  

Eu(Ga0.45Ge0.55)2. The Ge-rich composition Eu(Ga0.45(2)Ge0.55(2))2 adopts a 2:1 intergrowth, 

respectively, of the YPtAs-type structure and the EuGe2-type structure. Given the correlation 

of the crystal structure to YPtAs-type substructure, DOS curves (Figure 12) are very similar 

to those of previously discussed equiatomic composition. The sharp maximum peak is 

observed at ca. 1.7 eV below EF, but a small minimum observed just below EF in 

Eu(Ga0.50(2)Ge0.50(2))2 is now completely disappears. There is more Ge p band contribution to 

total DOS than Eu d orbitals or Ga p orbitals below EF because of the given Ge-rich 

composition, while Eu d orbitals contribution becomes greater above EF. Ga−Ge COHP 

curve falls in the nonbonding state at EF, which is quite similar to that of 

Eu(Ga0.50(2)Ge0.50(2))2. However, unlike the equiatomic composition, there is a puckered 
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hexagonal layer consisting of entirely Ge atoms, and its COHP curve is also shown in Figure 

12. This Ge−Ge COHP curve is optimized at ca. 1.5 eV below EF, and shows antibonding 

state at EF.34 This Ge-only layer can be compared with Ge layers in EuGe2, where Ge−Ge 

COHP curve is nearly optimized at EF with 10 valence electrons. The difference of COHP 

curve can be understood from different local environments above or below this Ge layer. 

This Ge layer cannot pucker as much as it need to stabilize the layered structure with respect 

to the given number of valence electrons because of the spatial restriction caused by 

puckered 63 Ga/Ge layers located above and below. As a result, the shorter Ge−Ge bond 

distance is observed in this structure: 2.527 Å in Eu(Ga0.45Ge0.55)2 and 2.552 Å in EuGe2,30 

and can explain the antibonding state of Ge−Ge COHP at EF.  
 

 

Figure 12. DOS and COHP curves for Eu(Ga0.45Ge0.55)2. (Left) Total DOS (solid line), Eu PDOS (white 
region), Ge PDOS (gray region), and Ga PDOS (black region). (Right) Ga−Ge, Eu−Ga, and Eu−Ge COHP 
curves. The Fermi level is indicated by the long solid line and is the energetic reference (0 eV). 
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5.5 Summary  

Total sixteen samples of Eu(Ga1−xTtx)2 compounds (Tt = Si, Ge, 0 ≤ x ≤ 1) were 

synthesized using high temperature method and characterized using powder and single 

crystal X-ray diffraction. Eu(Ga1−xSix)2 series crystallized in three different structural types 

depending upon the given composition including two binary compounds structures (KHg2-

type and ThSi2-type) and one ternary compounds structure (AlB2-type) with wide 

homogeneity range. On the other hand, Eu(Ga1−xGex)2 series adopts six distinct structural 

types depending upon the Ge amount. The homogeneity range of the AlB2-type structure was 

also observed for ternary Ga-rich compounds, but the range was smaller than that of 

Eu(Ga1−xSix)2. Two ternary Ge-rich compounds showed two distinct complex superstructures, 

and contained Ge-only hexagonal layer in a unit cell. Electronic structures of each compound 

were influential to the observed structural trends and local environments of atomic 

distributions. 
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Supplementary Material  

Table S1. Wigner-Seitz (WS) atomic sphere radii of elements used in LMTO calculations. 
 

compound Eu Ga Si Ge 

EuGa2 2.09 1.52 ················· ················· 

EuGaSi 2.28 1.30 1.33 ················· 

EuGaGe (AlB2-type) 2.23 1.42 ················· 1.47 

EuGaGe (YPtAs-type) 1) 2.26 
2) 2.19 1.42 ················· 1.47 

Eu(Ga0.45Ge0.55)2 

1) 2.24 

2) 2.15 

3) 2.20 

4) 2.16 

5) 2.23 

1) 1.46 

2) 1.46 

3) 1.47 

4) 1.42 

················· 

1) 1.51 

2) 1.46 

3) 1.51 

4) 1.50 

5) 1.48 

  
 

Table S2. Lattice Parameters and Unit Cell Volumes as Determined by Powder and Single Crystal X-ray 
Diffraction for the Eu(Ga1−xSix)2 (0 ≤ x ≤1) series. 

x  
(loaded) 

x 
(EDS) 

structural  
type sample a (Å) b (Å) c (Å) c/a V (Å3) 

0 0.00(2) KHg2 powder 4.6449(9) 7.628(2) 7.638(2) ------ 270.61(9) 

0.18 0.16(2) 

KHg2 powder 4.6524(5) 7.6461(9) 7.6464(8) ------ 272.00(5) 

AlB2 powder 4.2640(2) 4.6000(2) 1.0788 72.45(5) 

0.26 0.29(2) AlB2 powder 4.2324(3) 4.5885(4) 1.0841 71.17(1) 
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0.30 0.33(2) AlB2 powder 4.2204(2) 4.5863(2) 1.0867 70.75(1) 

0.50 0.50(2) AlB2 powder 4.1699(5) 4.5634(6) 1.0946 68.72(2) 

0.67 0.68(2) AlB2 powder 4.1132(3) 4.5412(4) 1.1041 66.53(1) 

0.84 0.82(2) 

AlB2 powder 4.0821(1) 4.5538(3) 1.1156 65.72(3) 

ThSi2 powder 4.2989(4) 13.864(2) ------ 256.22(1) 

1.00 1.00(2) ThSi2 powder 4.3065(4) 13.683(1) ------ 253.76(4) 

 

Table S3  Atomic coordinates and equivalent displacement parameters for Eu(Ga1−xGex)2 (x = 0.25(2), 0.35(2), 
0.45(5) 0.50(2), 0.55(2), 0.60(2)) 

Atom Wyckoff position x y z Ueq
a 

Eu(Ga0.75(2)Ge0.25(2))2 

Eu 1a 0 0 0 0.014(1) 

Ga/Ge 2d 1/3 2/3 1/2 0.020(1) 

Eu(Ga0.65(2)Ge0.35(2))2 

Eu 1a 0 0 0 0.011(1) 

Ga/Ge 2d 1/3 2/3 1/2 0.021(1) 

Eu(Ga0.65(2)Ge0.35(2))2 

Eu 1a 0 0 0 0.0170(3) 

0.301(5) Ga/Ge 2d 1/3 2/3 1/2 0.015(1) 

0.356(6) Ga/Ge 4h 1/3 2/3 0.5871(8) 0.011(1) 

Eu(Ga0.50(2)Ge0.50(2))2 

Eu(1) 2a 0 0 0 0.013(1) 



www.manaraa.com

 142

Eu(2) 2b 0 0 1/4 0.010(1) 

Ga 4f 2/3 1/3 0.1620(1) 0.014(1) 

Ge 4f 1/3 2/3 0.1168(1) 0.011(1) 

Eu(Ga0.45(2)Ge0.55(2))2 

Eu(1) 1a 0 0 0 0.004(1) 

Eu(2) 2c 0 0 0.1114(1) 0.005(1) 

Eu(3) 2c 0 0 0.2217(1) 0.009(1) 

Eu(4) 2c 0 0 0.3335(1) 0.017(1) 

Eu(5) 2c 0 0 0.4442(1) 0.012(1) 

Ga(1) 2d 1/3 2/3 0.0651(1) 0.010(1) 

Ga(2) 2d 1/3 2/3 0.1560(1) 0.010(1) 

Ge(1) 2d 1/3 2/3 0.2706(1) 0.010(1) 

Ge(2) 2d 1/3 2/3 0.3900(2) 0.024(1) 

Ge(3) 2d 2/3 1/3 0.0505(1) 0.007(1) 

Ge(4) 2d 2/3 1/3 0.1706(1) 0.004(1) 

Ga(3) 2d 2/3 1/3 0.2871(1) 0.007(1) 

Ga(4) 2d 2/3 1/3 0.3867(4) 0.092(3) 

Ge(5) 2d 2/3 1/3 0.4920(1) 0.022(1) 

Eu(Ga0.40(2)Ge0.60(2))2 

Eu(1) 1a 0 0 0 0.009(1) 

Eu(2) 2g 0 0 0.1994(1) 0.009(1) 

Eu(3) 2g 0 0 0.4009(1) 0.014(1) 

Ge(1) 1d 1/3 2/3 0.5000(1) 0.009(1) 

Ga(1) 2h 1/3 2/3 0.0843(2) 0.019(1) 

Ge(2) 2h 1/3 2/3 0.2870(1) 0.010(1) 

Ge(3) 2i 2/3 1/3 0.1095(2) 0.018(1) 

Ga(2) 2i 2/3 1/3 0.3197(1) 0.012(1) 

Ga(3) 2i 2/3 1/3 0.4798(2) 0.016(2) 

      a Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
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Figure S1. Band Structure of Eu(Ga0.5Ge0.5)2 with fatband contributions of Eu 5d orbitals.  
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Chapter 6 

 

On the “Coloring Problem” in YMgZn and Related Phases 
 

Modified from a paper published in Inorganica Chimica Acta 

 

Tae-Soo You,2,4 Mi-Kyung Han,3 and Gordon J. Miller2,5 

 

6.1 Abstract 

During exploration in the Y-Mg-Zn system for quasicrystal approximants, three new 

phases, YMg1−xZn1+x (0 ≤ x ≤ 0.17) adopting the hexagonal ZrNiAl structure type, have been 

discovered.  In these structures, the elements are completely ordered to minimize both the 

site energies and the bond energies as calculated by tight-binding calculations. Evaluation of 

the electron density in YMgZn suggests that Mg−Zn and Y−Zn bonding coupled with 

maximizing the Zn⋅⋅⋅Zn separations is the main factor influencing the atomic arrangements. 

Analysis of the electronic density of states of YMgZn indicates an optimized bonding 

situation for 8 valence electrons per formula unit, e.g., as in YMgGa. Subsequently, YMgAl, 

YMgGa, and YMgIn were successfully prepared and structurally characterized. Their 

structures show relationships to both densely packed structures common for intermetallics as 

well as three-dimensional networks common for valence compounds. 

 

6.2 Introduction 

One significant chemical issue concerning intermetallic compounds is an 

understanding of how the different elements distribute themselves in a structure. This aspect 

_______________ 
1 Reproduced with permission from Inorganica Chimica Acta, 2008, 361, 3053-3062.  
2 Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
3 Postdoctoral Associate, Department of Chemistry, Northwest University 
4 Primary researcher and author 
5 Author for correspondence 
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of structural chemistry is called the coloring problem.1 For molecules, Gimarc introduced the 

phrase, “topological charge stabilization” to address the site preference problem for multi-

component molecules.2 For example, in the linear molecule N2O, the O atom occupies a 

terminal position rather than the central position due to electronegativities.3 Also, in the 

isostructural molecules S4N4 and As4S4, the S atoms occupy three-bonded sites in S4N4 but 

the two-bonded sites in As4S4, an observation which is also attributed to the relative 

electronegativities of As, S, and N.3  For extended solids, Franzen developed the concept 

“differential fractional site occupancy,” which addresses the problem of incompletely 

disordered arrangements of transition metals in ternary metal-rich sulfides and phosphides.4 

One example of this phenomenon occurs in Ta1+xNb1−xS, a structure consisting of [M4S2] 

slabs constructed by four planes of metal (Ta, Nb) atoms sandwiched by two planes of S 

atoms.5 In this structure, Ta atoms segregate toward the two interior planes (farther from the 

sulfur atoms) while the Nb atoms segregate toward the two exterior planes (closer to the 

sulfur atoms). Franzen and coworkers attributed this atomic distribution to optimizing metal-

metal bonding in this structure. Therefore, these two distinctive concepts, “topological charge 

stabilization” and “differential fractional site occupancy,” address the coloring problem from 

two different viewpoints, i.e., respectively, atomic electronegativities and interatomic 

bonding. 

 These two concepts can be combined into a single model arising from a reformulation 

of the total valence electronic energy as determined from tight-binding (linear combination of 

atomic orbitals) approach by decomposing this total energy into a site-energy term and a 

bond-energy term.1 The site energy is evaluated as the sum of the products of the atomic 

orbital occupation numbers with the corresponding atomic orbital energies. The bond energy 

is the overlap population3 weighted by the corresponding resonance integrals3 between pairs 

of atoms showing significant orbital overlaps. The observed atomic distribution in a solid 

will minimize the total energy, and this distribution typically emphasizes one term or the 

other. For example, in the elements themselves, the optimum chemical structure seeks to 

optimize (minimize) the bond-energy term. In compounds with significant differences in 

electronegativities between the component elements, i.e., ionic salts, the site-energy term 

dominates the atomic distribution. But, in intermetallic compounds, which involve elements 
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with small electronegativity differences and variable composition, the final solution can be a 

compromise between the best site-energy solution and the best bond-energy solution to 

achieve the overall lowest total electronic energy.6 

In this communication, we explore the coloring problem for a new compound 

YMgZn, which involves three hexagonally close packed metals with three very different 

atomic characteristics and examine how they are distributed in its crystal structure. We 

compare our experimental results with results of theoretical calculations, and successfully 

prepare the isostructural compounds, YMgAl, YMgGa,7 and YMgIn.8 

 

6.3 Experimental 

6.3.1 Synthesis 

The YMg1−xZn1+x series and YMgAl, YMgGa, and YMgIn were synthesized from the 

pure elements, Y (Ames Laboratory, rod, 99.99%), Mg (Alfa, ribbon, 99.95%), Zn (Alfa, 

piece, 99.99%), Al (Alfa, piece, 99.98%), Ga (Ames Laboratory, ingot, 99.99%), and In 

(Aldrich, shot, 99.99%).  Several different Mg:Zn molar ratios, both Mg-rich and Zn-rich, as 

well as the three stoichiometric triel (triel = Al, Ga, In, symbolized generally as Tr) 

compounds were prepared using either a high frequency (HF) induction furnace at 1100°C 

with a holding time of 15 min and followed by annealing at 450°C for one hour or a 

conventional tube furnace at 1100°C for three days followed by annealing at 450°C for one 

week. Reactant mixtures were loaded into tantalum ampoules, which were then sealed at both 

ends by arc-melting in an argon-filled glove box with the concentration of O2 lower than 10 

ppm. The tantalum ampoules were placed in evacuated sealed silica jackets to prevent 

oxidation. Analysis by energy-dispersive X-ray spectroscopy (EDS) was conducted on a 

Hitachi S-2460N variable-pressure scanning electron microscope (SEM) with an Oxford 

Instruments Link Isis Model 200 X-ray analyzer. The corresponding pure elements were used 

as standards for intensity references.  

 

6.3.2 Crystal Structure Determination  

 YMg1−xZn1+x, YMgAl, YMgGa, and YMgIn were characterized by both powder and 

single crystal X-ray diffraction. Phase purity and lattice parameters were determined using a 
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Huber G670 Guinier image-plate powder diffraction camera with monochromatic Cu Kα1 

radiation (λ = 1.54059 Å). The step size was set at 0.005°, and the exposure time was 2 hours. 

Data acquisition was controlled via the in situ program. The lattice parameters obtained from 

Rietveld refinements of the X-ray patterns using program Rietica9 were in very good 

agreement to the results of single crystal X-ray diffraction. 

 For single crystal X-ray diffraction experiments, several silvery crystals were selected 

from crushed samples. The crystals were checked for crystal quality by a rapid scan on a 

Bruker SMART Apex CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å), and then 

the best crystals were selected for further data collection at 293(2) K. Single crystal X-ray 

diffraction data were collected from three sets of 606 frames on a full sphere with 0.3° scans 

in ω and with an exposure time of 10 sec per frame. The angular range of 2θ was ca. 6-56°.  

Intensities were extracted and then corrected for Lorentz and polarization effects 

using the SAINT program.10 The program SADABS was used for empirical absorption 

correction.10 The entire sets of reflections of the six compounds were matched with the 

hexagonal crystal system. After further analysis, the space group 62P m  was chosen for all 

structures with three formula units per unit cell. All structures were solved by direct methods 

and refined on F2 by full-matrix least-squares methods using the SHELXTL software 

package.11 During the refinement process of YMgAl, the Mg and Al atoms could not be 

distinguished because their X-ray scattering factors differ by at most 7.7%, but atomic 

positions were refined based on results for the isostructural YMgGa and YMgIn. The 

chemical compositions of all compounds obtained from EDS analysis very well matched the 

refined compositions from single crystal X-ray diffraction experiments. 

 

6.3.3 Computational Details  

 Tight-binding, linear muffin-tin orbital (TB-LMTO)12-13 calculations were carried out 

for YMgZn in the atomic sphere approximation (ASA) using the Stuttgart program.14 

Exchange and correlation were treated by the local density approximation (LDA). All 

relativistic effects except spin-orbit coupling were taken into account by using a scalar 

relativistic approximation.15 
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In the ASA method, space is filled with overlapping Wigner-Seitz (WS) atomic 

spheres. The symmetry of the potential is considered spherical inside each WS sphere, and a 

combined correction is used to take into account the overlapping part. The radii of WS 

spheres were obtained by requiring that the overlapping potential be the best possible 

approximation to the full potential, and were determined by an automatic procedure.16 This 

overlap should not be too large because the error in kinetic energy introduced by the 

combined correction is proportional to the fourth power of the relative sphere overlap. No 

empty spheres (ES) were needed.  The WS radii are as follows: Y = 1.98 Å, Mg = 1.76 Å and 

Zn = 1.51 Å.  The basis sets included 5s, 5p and 4d orbitals for Y; 3s and 3p orbitals for Mg; 

4s, 4p and 3d orbitals for Zn. The Y 4f orbitals were treated by the Löwdin downfolding 

technique.12,13 Crystal orbital Hamilton populations (COHP) curves17 and the integrated 

COHP values (ICOHPs) were calculated to determine the relative influences of various 

interatomic orbital interactions. The k-space integrations were performed by the tetrahedron 

method.18 The self-consistent charge density was obtained using 217 irreducible k-points in 

the Brillouin zone for the hexagonal cell. 

 

6.4 Results and Discussion 

6.4.1 YMg1−xZn1+x 

Structural Results  

According to the powder X-ray diffraction patterns shown in Figure 1 for loaded 

compositions YMg0.6Zn1.4, YMg0.8Zn1.2, YMg1.0Zn1.0, YMg1.2Zn0.8, and YMg1.4Zn0.6, the 

major phase in all cases is the hexagonal ZrNiAl-type structure, space group 62P m , which 

displays sharp intense peaks that can be indexed by the Rietveld method. All patterns also 

show some less intense peaks from minor phases, such as YMg2 or YZn.  Furthermore, the 

major phase in the Zn-rich products shows variation in the scattering angles to indicate 

different lattice constants and variable Zn content.  On the other hand, the major phase in all 

Mg-rich products gives identical diffraction patterns with YMgZn. Thus, according to our 

synthetic approach, this hexagonal phase displays a homogeneity width for Zn-rich 

compositions, YMg1−xZn1+x, but not for Mg-rich compositions. 
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To investigate the upper limit of Zn composition, crystals suitable for single crystal 

X-ray diffraction studies were extracted from the Zn-rich products.  In general, products 

synthesized in a conventional tube furnace were suitable for such experiments, whereas those 

synthesized in a HF induction furnace showed poor crystallinity. Important crystallographic 

data, atomic positions, site occupancy factors and isotropic temperature factors, as well as 

selected interatomic distances for YMg1−xZn1+x are summarized in Tables 1-3. 

 

Table 1. Crystallographic Data for YMg1−xZn1+x. 

 YMg0.83(1)Zn1.17(1) YMg0.94(1)Zn1.06(1) YMgZn 

Formula weight  185.59 181.07 178.60 

Lattice parameters     

     a (Å) 7.5267(8) 7.582(1) 7.579(2) 

     c (Å) 4.1083(5) 4.1138(2) 4.1159(9) 

Volume (Å3) 201.53(4) 204.79(2) 204.75(2) 

Dcalc (g cm−3) 4.439 4.348 4.341 

Index ranges 
−9 ≤ h ≤ 9, 
−9 ≤ k ≤ 9, 
−5 ≤ l ≤ 5 

−9 ≤ h ≤ 9, 
−9 ≤ k ≤ 9, 
−5 ≤ l ≤ 5 

−9 ≤ h ≤ 10, 
−9 ≤ k ≤ 10, 
−5 ≤ l ≤ 5 

Reflections collected 1712 1748 1800 

Independent reflections 206 [Rint = 0.0618] 207 [Rint = 0.0548] 215 [Rint = 0.0737] 

Data/refined parameters 206/14 207/14 215/13 

Goodness-of-fit on F2 0.963 0.803 0.969 

Final R indices [I > 2σ(I)] R1 = 0.0222, 
wR2 = 0.0351 

R1 = 0.017, 
wR2 = 0.0302 

R1 = 0.0272, 
wR2 = 0.0393 

R indices (all data) 
R1 = 0.0314, 
wR2 = 0.0387 

R1 = 0.0184, 
wR2 = 0.0305 

R1 = 0.0334, 
wR2 = 0.0401 

Largest difference in peak and 
hole (e−/Å3) 1.399 / −1.060 0.338/ −0.505 0.655 / −0.776 
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Table 2.  Atomic Coordinates, Occupancy, and Equivalent Displacement Parameters for YMg1−xZn1+x. 

atom 
Wyckoff  
Position 

occupancy x y z Ueq
a 

YMg0.83(1)Zn1.17(1) 

Y 3f 1 0.5859(2) 0 0 0.015(1) 

Mg/Zn 3g 0.83(1)/0.17(1) 0.2489(3) 0 1/2 0.014(1) 

Zn1 2d 1 1/3 2/3 1/2 0.014(1) 

Zn2 1a 1 0 0 0 0.020(1) 

YMg0.94(1)Zn1.06(1) 

Y 3f 1 0.5865(1) 0 0 0.013(1) 

Mg/Zn1 3g 0.94(1)/0.06(1) 0.2479(3) 0 1/2 0.014(1) 

Zn1 2d 1 1/3 2/3 1/2 0.013(1) 

Zn2 1a 1 0 0 0 0.016(1) 

YMgZn 

Y 3f 1 0.5866(2) 0 0 0.014(1) 

Mg 3g 1 0.2477(4) 0 1/2 0.009(1) 

Zn1 2d 1 1/3 2/3 1/2 0.015(1) 

Zn2 1a 1 0 0 0 0.016(1) 

 
 

Table 3. Selected Interatomic Distance (Å) for YMg1−xZn1+x. 

 YMg0.83(1)Zn1.17(1) YMg0.94(1)Zn1.06(1) YMgZn 

Y−Mgⅰ 3.259(1) 3.289(2) 3.293(3) 

Y−Mgⅱ 3.400(1) 3.4199(7) 3.421(1) 

Y−T1 3.0540(7) 3.0740(4) 3.0759(7) 

Y−T2 3.109(1) 3.1324(9) 3.134(1) 

Mg−T1 2.8734(2) 2.903(1) 2.906(2) 

Mg−T2 2.776(2) 2.787(1) 2.787(2) 

Mg−Mg 3.237(4) 3.253(3) 3.251(5) 
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001): Mg-Zn Contacts (001): Y-Zn Contacts 

 

 

(100) Clinographic Projection 

 
Figure 2.  (Top) (001) Projections of YMgZn emphasizing (left) Mg-Zn and (right) Y-Zn contacts; (Bottom) 
(100) Clinographic projection emphasizing the [Mg3Zn2] trigonal bipyramids.  Red spheres, Zn; green spheres, 
Mg; yellow spheres, Y. 
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Refinements of several single crystals indicated a maximum Zn content of 1.17(3), 

i.e., YMg0.83(3)Zn1.17(3). As the Zn content increases, the lattice parameters a and c decrease, 

which is consistent with the sizes of Mg and Zn based on their 12-coordinate metallic radii 

(r(Zn) = 1.34 Å and r(Mg) = 1.60 Å).19  

 Figure 2 illustrates the structure of YMg1−xZn1+x using three different perspectives. 

Two projections along the c-axis highlight, respectively, Mg−Zn and Y−Zn contacts. Clearly, 

we see Mg atoms tetrahedrally coordinated by Zn atoms with Mg−Zn distances of ca. 2.77-

2.90 Å; and Y atoms sitting within square pyramids of Zn atoms with Y−Zn distances of ca. 

3.05-3.10 Å. Closer examination of the interatomic distances reveals the axial Y−Zn distance 

to be slightly longer (ca. 0.05 Å) than the four equatorial Y−Zn distances. Zn1 and Zn2 sites 

both have local D3h point symmetry and are coordinated by tricapped trigonal prisms: Zn1 is 

surrounded by a trigonal prism of Y atoms with three Mg atoms along the waist; Zn2 shows 

the inverse, a trigonal prism of Mg atoms with three Y atoms along the waist. The 

clinographic projection orthogonal to the c-axis reveals columns of trans-vertex sharing 

[Mg3Zn2] trigonal bipyramids linked by Zn1 atoms. The Mg−Mg distances in the equatorial 

planes of the trigonal bipyramids are ca. 3.2 Å, distances which are similar to Mg−Mg 

distances in hcp Mg. 

 

Electronic Structure and Bonding  

An understanding of the chemical bonding in intermetallics, like YMgZn et al., relies 

on accurate electronic structure calculations of the periodic solid-state structure. Figure 3 

illustrates the total density of states (DOS) curve, calculated by the TB-LMTO-ASA method, 

with the components from the individual atoms, Y, Mg, and Zn, indicated.  The Zn 3d states 

occur in a very narrow band of essentially localized, soft-core orbitals at ca. 8 eV below the 

Fermi level (EF) for YMgZn. The occupied bands in the DOS curve show three distinctive 

regions: (i) three bands between 4 and 7 eV below EF are mostly Zn 4s states, with some 

contributions from Mg and Y valence orbitals; (ii) ca. two bands between 2 and 4 eV below 

EF show nearly equal contributions from Zn, Mg and Y orbitals – band structure analysis 

reveals these bands to originate largely from 4px and 4py orbitals on the Zn1 sites that form 
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σ-bonding orbitals with Mg 3s and 3p orbitals; and (iii) ca. seven bands between 2 eV below 

and 0.5 eV above EF constitute another strong mixture of Zn, Mg, and Y valence orbitals. 

The unoccupied bands lying 0.5 eV above EF for YMgZn have their greatest contribution 

from Y 5s and 4d orbitals. EF for YMgZn falls near a peak in the DOS curve, a feature that 

typically identifies an electronic instability toward some type of geometrical or electronic 

distortion.20 However, we did not observe any structural distortions at room temperature and 

further, low-temperature diffraction studies are warranted. At 0.5 eV above EF for YMgZn, a 

deep pseudogap is found in the DOS curve, which corresponds to filling twelve bands. This 

occupation level is exactly satisfied by YMgGa. Analysis of the pairwise orbital interactions 

in the DOS curve by Crystal Orbital Hamilton Population (COHP) curves,17 also illustrated 

in Figure 3, clearly indicate that Mg−Ga and Y−Ga interactions would be optimized: Mg−Ga 

and Y−Ga bonding orbitals are completely filled while their corresponding antibonding 

orbitals remain completely empty for this hexagonal structure. 

In YMgZn, with one less electron per formula unit (three fewer valence electrons in 

the unit cell), these interactions are not optimized.  Furthermore, for both YMgZn and 

YMgGa, Y−Mg and Mg−Mg interactions give lower COHP values and are not optimized for 

either case. Thus, this bonding analysis strongly suggests stability of the hexagonal ZrNiAl-

structure type for YMgGa and isoelectronic analogues.  Therefore, we proceeded to prepare 

YMgAl, YMgGa,7 and YMgIn.8 Although YMgGa and YMgIn have been reported,7-8 we 

decided to repeat their characterization to obtain structural information from the same 

instrument as well as to further investigate the distribution of elements.  

 

6.4.2 YMgTr (Tr = Al, Ga, In) 

The three triel examples, YMgAl, YMgGa, and YMgIn, were all successfully 

prepared and produced specimens suitable for single crystal X-ray diffraction experiments. 

Tables 4-6 summarize the important crystallographic data, atomic positions and isotropic 

temperature factors, and selected interatomic distances in these hexagonal structures. 

Although Mg and Al could not be unequivocally differentiated during refinements, Al sites 

were assigned based on the results for YMgGa and YMgIn.  In these trielides, Al, Ga, or In 
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Figure 3.  DOS and COHP curves for YMgZn.  In DOS curve, Mg (green) and Zn (red) and Y (yellow) orbital 
contributions are indicated.  The Fermi level for YMgZn (21 e−) is marked by the dashed line (and is the 
reference energy, 0 eV); the Fermi level calculated for YMgGa (24 e−)is marked by the dotted line.  In the 
COHP curves, + values are bonding interactions; − values are antibonding interactions. 
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atoms occupy the Zn sites in YMgZn.  The unit cell volume for YMgGa is smaller than that 

for YMgZn, which is consistent with the COHP analysis above, but counters a size argument 

given that the atomic radius of Ga atoms (1.40 Å) is larger than that of Zn atoms (1.34 Å).19 

 

Table 4. Crystallographic Data for YMgTr (Tr = Al, Ga, In). 

 

 YMgAl YMgGa YMgIn 

Formula weight 140.19 182.93 228.04 

Lattice parameters    

     a (Å) 7.345(1)  7.2732(1)  7.5145(1)  

     c (Å) 4.5913(8) 4.4359(1) 4.6593(1) 

Volume (Å3) 214.55(7)  203.32(1)  227.85(1)  

Dcalc (g cm−3) 3.275 4.494 4.948 

Reflections collected 1768 1783 1706 

Independent reflections 217 [Rint = 0.0289] 211 [Rint = 0.0288] 230 [Rint = 0.0600] 

Data/refined parameters 217/14 211/15 230/14 

Goodness-of-fit on F2 0.869 1.139 1.040 

Final R indices [I > 2σ(I)] 
R1 = 0.0127,  
wR2 = 0.0263 

R1 = 0.0124,  
wR2 = 0.0251 

R1 = 0.0277,  
wR2 = 0.0561 

R indices (all data) 
R1 = 0.0138,  
wR2 = 0.0265 

R1 = 0.0126,  
wR2 = 0.0251 

R1 = 0.0288,  
wR2 = 0.0565 

Largest difference in peak  
and hole (e−/Å3) 

0.491 / −0.473  0.317/ −0.422  1.321/ −0.827 
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Table 5.  Atomic Coordinates, Occupancy, and Equivalent Displacement Parameters for YMgTr (Tr = Al, Ga, 
In). 
 

atom 
Wyckoff  
Position 

occupancy x y z Ueq
a 

YMgAl 

Y 3f 1 0.5664(1) 0 0 0.010(1) 

Mg 3g 1 0.2417(2) 0 1/2 0.012(1) 

Al1 2d 1 1/3 2/3 1/2 0.010(1) 

Al2 1a 1 0 0 0 0.013(1) 

YMgGa 

Y 3f 1 0.5732(1) 0 0 0.008(1) 

Mg 3g 1 0.2440(1) 0 1/2 0.010(1) 

Ga1 2d 1 1/3 2/3 1/2 0.008(1) 

Ga2 1a 1 0 0 0 0.010(1) 

YMgIn 

Y 3f 1 0.5662(2) 0 0 0.011(1) 

Mg 3g 1 0.2425(5) 0 1/2 0.009(1) 

In1 2d 1 1/3 2/3 1/2 0.011(1) 

In2 1a 1 0 0 0 0.014(1) 
 a Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. 

 
 

Table 6. Selected Interatomic Distance (Å) for YMgTr (Tr = Al, Ga, In). 
 

 YMgAl YMgGa YMgIn 

Y−Mgⅰ 3.2981) 3.259(2) 3.377(3) 

Y−Mgⅱ 3.5835(4) 3.4900(6) 3.675(3) 

Y−T1 3.1497(2) 3.0964(3) 3.231(3) 

Y−T2 3.1916(5) 3.106(1) 3.267(3) 

Mg−T1 2.8867(9) 2.838(2) 2.966(4) 

Mg−T2 2.851(1) 2.806(2) 2.913(3) 

Mg−Mg 3.081(2) 3.077(5) 3.163(7) 
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Moreover, YMgGa shows the minimum unit cell volume along the triel series 

YMgAl-YMgGa-YMgIn, which is consistent with size arguments (r(Al) = 1.43 Å; r(Ga) = 

1.40 Å; r(In) = 1.58 Å),19 but could also point toward the importance of orbital interactions in 

these intermetallic compounds.  In particular, Ga atoms differ from Al atoms by providing a 

filled 3d set of “soft core” orbitals, which would be located below the occupied valence band 

and could interact favorably with the empty 4d orbitals of Y; these interactions are not 

available in YMgAl.  This conjecture is under further theoretical scrutiny to examine the 

influence of such filled d-empty d orbital interactions in related intermetallics and will be the 

subject of a future paper. 

 

6.5 The Coloring Problem in YMgZn 

Tight-binding analysis of the coloring problem involves calculating the site energy and bond 

energy terms for different colorings.1 For YMgZn, we examined the alternative where the 

Zn1 and Zn2 sites are switched against the Mg sites, i.e., the hypothetical “YZnMg.”  The 

total electronic energy favors the observed structure over the hypothetical one by 0.885 eV; 

the tight-binding analysis indicates that the observed structure is preferred with respect to 

both the site energy and bond energy terms, results of which are summarized in Table 7.  

The DOS curve for the alternative structure “YZnMg,” which is illustrated in Figure 4, 

provides some clues to this result: (a) the energy of the Zn 3d band is ca. 0.5 eV higher 

relative to EF in “YZnMg” than in YMgZn and is ca. twice as broad; (b) the structure of the 

occupied valence bands is less evident in “YZnMg”; (c) the pseudogap corresponding to 8 

valence electrons per formula unit still occurs, but the DOS value is ca 50% larger as for the 

observed coloring. These qualitative features in the DOS curve point toward minimizing (or 

even eliminating) close Zn⋅⋅⋅Zn contacts in the structure. COHP analysis of the DOS curve 

further indicates that the “short” Y−Mg orbital interactions are not optimized, even for 

“YGaMg.”  However, due to screening effects22 arising from the inherent metallic character 

of YMgZn, there is no effective charge transfer among the various elements, but, rather, a 

redistribution of atomic orbital occupations.23  The bond energy is influenced by maximizing 

the number of close Y−Zn contacts. 
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Table 7. Results of tight-binding analysis of site and bond energy terms in YMgZn and “YZnMg.”  ETOT = 
total (core + valence) electronic energy; EBAND = total valence electronic energy from energy band filling; Site 
Energy = sum of site energies for Y, Mg, and Zn; Bond Energy = sum of bond energies (COHP analysis) for the 
four significant interactions listed.  Site + Bond Energy = sum of Site Energy and Bond Energy.  ETOT and 
EBAND are given relative to YMgZn (the observed structure). 
 
 

 YMgZn  “YZnMg” 

ETOT 0.00 eV  0.885 eV 

EBand 0.00 eV  0.436 eV 

Site Energies 

Y +0.184 eV  +0.214 eV 

Mg −0.177 eV  −0.178 eV 

Zn −7.396 eV  −7.116 eV 

Total −7.389 eV  −7.080 eV 

Bond Energies 

Mg−Zn (4×) −0.241 eV Mg−Zn (4×) −0.241 eV 

Mg−Mg (3×) −0.041 eV Zn−Zn (3×) −0.031 eV 

Y−Zn (5×) −0.233 eV Y−Mg (5×) −0.205 eV 

Y−Mg (6×) −0.276 eV Y−Zn (6×) −0.287 eV 

Total −3.908 eV  −3.804 eV 

Site + Bond Energies 

 −11.297 eV  −10.884 eV 

Relative Total 0.00  0.413 eV 
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Figure 4.  DOS and COHP curves for “YZnMg.”  In DOS curve, Mg (green) and Zn (red) and Y (yellow) 
orbital contributions are indicated.  The Fermi level for “YZnMg” (21 e−) is marked by the dashed line (and is 
the reference energy, 0 eV); the Fermi level calculated for “YGaMg” (24 e−)is marked by the dotted line.  In the 
COHP curves, + values are bonding interactions; − values are antibonding interactions. 
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 The greatest influence on the site energy comes from minimizing (eliminating) close 

Zn⋅⋅⋅Zn contacts in the structure, which can be attributed to both a filled 3d subshell as well 

as the low energy 4s atomic orbitals.  A comparison of the atomic orbital energies21 for Y, 

Mg, and Zn (see Scheme 1) indicate that Zn will show a tendency toward “anionic” behavior 

in this intermetallic system because its filled 3d and 4s atomic orbitals are lowest in energy. 

There is a better energetic match between Y 4d and Zn 4p orbitals than between Y 4d and 

Mg 3p orbitals (see also Scheme 1; the strength of orbital interactions, ΔE ∝ S2/ΔE(0) is 

proportional to the square of the spatial overlap and is inversely proportional to the energies 

of the noninteracting orbitlals3).  

E

Y Mg Zn

4d

5s

5p

3s

3p

3d

4s

4p

 
1 

 

 Plots of electron density and electron localization functions (ELF)24 in YMgZn  

further confirm this analysis. Figure 5 illustrates these projections as filled contour plots with 

respect to the (001) and (100) planes. Maxima in the valence electron density in YMgZn 

occur at each atomic site, and there is some electron density building up within triangles of Y 

atoms in the z = 0 planes.  In the z = 1/2 planes, valence electron density around the Zn1 sites 

deforms slightly toward the neighboring Mg atoms, and a similar distortion is observed in the 

(100) planes between Mg and Zn2 sites.   
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ELF maxima are noteworthy between Mg and Zn sites as well as within the triangles 

of Y atoms in the z = 0 planes, triangles which are located near Zn atoms above and below 

these sites at z = 1/2. Analysis of the coloring problem in YMgZn also provides some 

insights about the observed variation in Zn composition, which occurs only on the Zn-rich 

side of composition. The preferred distribution of Mg and Zn atoms maximizes the number 

of Y−Zn contacts over the number of Y−Mg contacts. As we have mentioned, an orbital 

picture for this preference is through significant Y 4d-Zn 4s, 4p interactions that can be 

enhanced via filled 3d-empty 4d interactions. Such enhancements are the focus of on-going 

theoretical efforts. 

 

6.6 Structural Relationships 

The electronic structure, atomic structure, and chemical bonding of the elements Y, 

Mg, and Zn have been well described by nearly-free-electron and pseudopotential theory. All 

three elements adopt the hexagonally closest packed arrangement of atoms as their ground 

state structures.19 Theory has even accounted for the unusually large c/a ratio of the unit cell 

parameters in Zn.25 YMgZn, from the perspective of orbital interactions and electron density 

analysis, form two interpenetrating networks that involve Zn atoms: (a) the Mg-Zn 

framework with tetrahedrally coordinated Mg atoms; and (b) the Y-Zn framework with 

square pyramidally coordinated Y atoms. There are two other structure types with identical 

local coordination modes that can compete with this structure type: the tetragonal Cu2Sb and 

the orthorhombic Co2Si structures types.26 Electronic structure calculations of relative total 

energies rank the observed, hexagonal ZrNiAl-type as the minimum energy structure for 

YMgZn.   

The different environments for Y and Mg can be attributed to size as well as 

electronic factors; if the size is not an issue, then electronic factors can play a significant role 

as observed in ZrNbP and ZrMoP.27 Zn’s influence on the structure and the arrangement of 

atoms is further confirmed in Figure 6, which plots the trends in average atomic volumes and 

valence electron densities for the known binary phases in the Y/Mg, Y/Zn, and Mg/Zn 

systems. These phases exist for valence electron concentrations of 2.0-2.5 e−/atom. Linear 

regression fits of the valence electron densities (e−/Å3) show nearly identical behavior for the 
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Mg/Zn and the Y/Zn systems. When the average atomic volume and valence electron density 

of YMgZn are added to the graph, the volume is in line with the trends in Y-Zn and Mg-Zn 

binary phases, whereas the electron density is lower than the Zn-phases, but greater than the 

Y-Mg phases. Since all of the binary phases are densely packed, metallic structures, YMgZn 

conforms to this behavior. On the other hand, the valence electron density is lower than 

expected based exclusively on Y-Zn and Mg-Zn phases, which suggests that the Zn atoms 

are involved in a covalently-bonded network that involves Mg−Zn and Y−Zn interactions.  

 

 
Figure 6. Variations in atomic volumes (solid lines, filled points) and valence electron densities (dashed lines, 
open points) vs. composition for binary Mg-Zn, Y-Zn, and Y-Mg 
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Thus, this simple graphical analysis based on unit cell volumes and electron counting 

corroborate the electronic structure analysis: the Mg−Zn and Y−Zn interactions dictate the 

structural chemical nature of this series.  The Y−Mg interactions are less influential.  

Finally, the isoelectronic compounds YCuAl28 and YNiSi29 are also known and 

consist of elements closely related to YMgZn. YCuAl is isostructural with YMgZn with Al 

occupying the Mg sites and Cu occupying the Zn sites. Unlike our refinements, the authors 

report some degree of mixed occupancy for Cu and Al among the three crystallographic sites 

in the unit cell.28  YNiSi, however, adopts the related, orthorhombic Co2Si structure type. We 

are investigating the theoretical electronic structures of these systems to provide a more 

general picture of the influence of relative atomic orbital energies and interatomic orbital 

overlap over these complex intermetallic phases. 

 

6.7 Summary 

The new phases, YMg1−xZn1+x, form in the hexagonal ZrNiAl structure type with a 

specific ordering of the three elements so as to minimize Zn⋅⋅⋅Zn interactions while 

maximizing Y−Zn and Mg−Zn interactions. The structure and atomic arrangement can be 

described as two interpenetrating three-dimensional networks involving Mg-Zn and Y-Zn 

contacts.  Among these three elements, the occupied valence atomic orbitals of Zn are lowest 

in energy, which gives it pseudo-anionic behavior in these intermetallics. The phase can 

accommodate some excess Zn atoms replacing Mg atoms.  Bonding analysis of the electronic 

DOS of YMgZn indicated stability of YMgGa, YMgAl, and YMgIn, which were 

successfully prepared and structurally characterized to show similar site preferences as in 

YMgZn. Other phases isoelectronic with YMgZn show similar atomic distributions or related 

structures, and further theoretical investigations are underway. 
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Chapter 7 

 

Phase Width and Site Preferences in the EuMgxGa4−x Series 
 

Modified from a paper in press for Zeitschrift für Anorganische und Allgemeine Chemie 

 

Tae-Soo You,2,3 and Gordon J. Miller2,4 
  

 

7.1 Abstract 

A series of EuMgxGa4−x compounds were synthesized using high temperature, solid-

state methods and characterized by both powder and single crystal X-ray diffraction. All 

compounds crystallize in the tetragonal BaAl4-type structure (space group I4/mmm, Z = 2, 

Pearson symbol tI10) with full occupancy of Ga at the apical atom (4e) site and mixed-

occupancy of Mg and Ga at the basal atom (4d) site. Six compositions were analyzed by 

single crystal X-ray diffraction: EuMg0.21(1)Ga3.79(1), EuMg0.91(1)Ga3.09(1), EuMg1.22(1)Ga2.78(1), 

EuMg1.78(1)Ga2.22(1), EuMg1.84(1)-Ga2.16(1), and EuMg1.94(1)Ga2.06(1). As the larger Mg atoms 

increasingly replace Ga atoms at the basal site in EuMgxGa4−x, the a-axis lengths at first 

decrease and then increase, while the c-axis lengths increase monotonically along the series.  

The phase width of the BaAl4-type EuMgxGa4−x series is identified to be 0 ≤ x ≤ 1.94(1), a 

range which corresponds to 12.06(1)-14 valence electrons per formula unit, and can be 

understood by their electronic structures using density of states (DOS) curves calculated by 

tight-binding calculations.  Mg substitution for Ga at the basal site is consistent with the site 

preferences for mixed metals on the three-dimensional framework of the BaAl4-structure 

based on both electronegativities and sizes, and provides the rationale for the unusual 

_______________ 
1 Reproduced with permission from Z. Anorg. Allg. Chem., in press. Unpublished work copyright 2008 Wiley-VCH.  
2 Graduate student and Professor, respectively, Department of Chemistry, Iowa State University 
3 Primary researcher and author 
4 Author for correspondence 
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behavior in lattice parameters. The observed site preference was also rationalized by total 

electronic energies calculated for two different coloring schemes. 

 

7.2 Introduction 

Polar intermetallic compounds represent a class of inorganic solids that provide 

numerous opportunities to study relationships among crystal structure, physical properties, 

chemical bonding and chemical composition [1-3]. They can be considered as intermediate 

between classical intermetallic compounds on the one hand, such as Hume-Rothery phases 

[2] and valence compounds, i. e., Zintl-Klemm compounds on the other, [4, 5] because they 

involve combinations of electropositive active metals with electronegative late 

transition/post-transition metals in definite compositions but over a range of valence electron 

concentrations [3]. The electropositive elements formally donate valence electrons to the 

electronegative components, whereas electronegative elements form networks that either 

conform to simple electron counting rules, such as the Zintl−Klemm formalism [4, 5], or give 

rise to an electronic structure characterized by a pseudogap in the electronic density of states 

curve and optimized orbital interactions at the Fermi level [6]. 

During our investigation of various polyanionic networks in polar intermetallic 

compounds to study the correlation among valence electron count, atomic size and crystal 

structure, we crystallized the electron-deficient EuMgxGa4−x series (0.21(1) ≤ x ≤ 1.94(1)) in 

the BaAl4-type structure, where electron poorer Mg atoms replace Ga atoms in the aristotype 

EuGa4. This crystal structure features a body-centered tetragonal unit cell (space group 

I4/mmm), which contains two distinct “anionic” sites forming an 18-vertex Fedorov 

polyhedron [7] with one “cationic” site at the center of the polyhedron. Among the rare-earth 

tetragallides, only EuGa4 and YbGa4 form: EuGa4 adopts the tetragonal BaAl4-type structure 

[8, 9], whereas YbGa4 forms a distorted variant of the BaAl4-type structure [10, 11]. 

Although BaAl4-type intermetallics have been extensively investigated [1, 12-14], the 

complete phase-width of the EuMgxGa4−x series remains unreported: the only reported 

ternary compound is EuMg0.55Ga3.45 [15]. In this communication, we report the 

experimentally identified phase-width and observed site preference between Mg and Ga atom 

in the EuMgxGa4−x series including their synthesis and structural characterization. 
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7.3 Experimental Section 

7.3.1 Sample Preparation and Chemical Analysis  

Eight compositions of the EuMgxGa4−x series (loaded values of x include 0.2, 1.0, 1.2, 

1.6, 1.8, 1.9, 2.0, and 2.2) were synthesized using pure elements (Eu: Ames Laboratory, rod, 

99.99%; Mg: Ames Laboratory, bar, 99.99%; and Ga: Ames Laboratory, ingot, 99.99%) by 

conventional, high-temperature methods. Mixtures of each reactant were loaded into 

tantalum ampoules, which were sealed by arc-melting in an argon-filled glove box with the 

concentration of O2 lower than 10 ppm. These ampoules were then sealed in evacuated silica 

jackets to prevent oxidation. All compounds were heated to 1173 K and held at this 

temperature for 24 hr followed by annealing at 873 K for one week in a tube furnace. Then, 

samples were allowed to cool naturally to room temperature.  All products appeared to be 

visibly stable upon exposure to both air and moisture over several weeks.  

Analysis by energy-dispersive X-ray spectroscopy (EDS) was conducted on a Hitachi 

S-2460N variable-pressure scanning electron microscope (SEM), equipped with Oxford 

Instruments Link Isis Model 200 X-ray analyzer.  For these measurements, ca. three pieces of 

each sample were selected from the same specimens that were used for powder X-ray 

diffraction experiments. Samples were mounted on carbon sample holders and polished using 

an alumina slurry to expose flat surfaces for measurement. The corresponding pure elements 

were used as standards for intensity references.   

 

7.3.2 Crystal Structure Determination  

EuMgxGa4−x specimens were characterized by both powder and single crystal X-ray 

diffraction at 293(2) K. Phase purity and lattice parameters were examined for all eight 

samples on a Huber G670 Guinier image-plate powder diffraction camera applying 

monochromatic Cu Kα1 radiation (λ = 1.54059 Å). The step size was set at 0.005°, and the 

exposure time was 1-2 h. Data acquisition was controlled via the in situ program. The lattice 

parameters and the crystal system were determined by Rietveld refinement using program 

Rietica [16] and Si powder (NIST; a = 5.430940 ± 0.000035 Å) as a calibration standard; 

these were in good agreement with the results from single crystal X-ray diffraction.   
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 For single crystal X-ray diffraction experiments, several silvery, block-shaped 

crystals were extracted from each batch of gently crushed samples. The crystals were 

checked for crystal quality by a rapid scan on a Bruker SMART Apex CCD diffractometer 

with Mo Kα radiation (λ = 0.71073 Å), and then the best crystals were chosen for further 

data collection at 293(2) K. Such samples were extracted from specimens loaded as 

“EuMg0.2Ga3.8,” “EuMg1.0Ga3.0,” “EuMg1.2Ga2.8,” “EuMg1.8Ga2.2,” “EuMg1.9Ga2.1,” and 

“EuMg2.2Ga1.8.”  Because of the poor crystallinity of the two samples, “EuMg1.6Ga2.4” and 

“EuMg2.0Ga2.0,” no further investigations on these samples using single crystals were pursued. 

Single crystal X-ray diffraction data on specimens of “EuMg0.2Ga3.8,” “EuMg1.0Ga3.0,” 

“EuMg1.2Ga2.8,” and “EuMg1.9Ga2.1” were collected using the SMART Apex CCD 

diffractometer from three sets of 606 frames on a full sphere with 0.3° scans in ω and with an 

exposure time of 10 sec per frame.  Single crystal X-ray diffraction data of “EuMg1.8Ga2.2” 

and “EuMg2.2Ga1.8” were collected on a STOE IPDS diffractometer from two sets of 180 

frames with an exposure time of 1 min for each frame. Further investigations were conducted 

for “EuMg1.2Ga2.8” and “EuMg1.9Ga2.1” using a STOE IPDS diffractometer with an exposure 

time of 2.5 min for each frame to see whether there were any satellites or diffuse reflections, 

which would suggest a possible superstructure.  However, no evidence for a superstructure 

emerged.   

        Intensities were extracted and then corrected for Lorentz and polarization effects 

using the SAINT program [17]. The program SADABS [18] was used for empirical absorption 

correction. The entire sets of reflections of the three compounds were matched with the 

tetragonal crystal system. After further analysis, the space group I4/mmm was chosen for 

these products. The structures were solved by direct methods and refined on F2 by full-matrix 

least-squares methods using the SHELXTL software package [18].   

 

7.3.3 Electronic Structure Calculations  

 Tight-binding, linear muffin-tin orbital (TB-LMTO) calculations [19] were carried 

out in the atomic sphere approximation (ASA) using the Stuttgart program [20]. Exchange 

and correlation were treated by the local density approximation (LDA) [21]. All relativistic 

effects except spin-orbit coupling were taken into account by using a scalar relativistic 
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approximation [22].  In the ASA method, space is filled with overlapping Wigner-Seitz (WS) 

atomic spheres. The symmetry of the potential is considered spherical inside each WS sphere, 

and a combined correction is used to take into account the overlapping part [23]. The radii of 

WS spheres were obtained by requiring that the overlapping potential be the best possible 

approximation to the full potential, and were determined by an automatic procedure [23]. 

This overlap should not be too large because the error in kinetic energy introduced by the 

combined correction is proportional to the fourth power of the relative sphere overlap. No 

empty spheres [19] were necessary. The WS radii are as follows: Eu = 2.34 Å, Mg = 1.73 Å 

and Ga = 1.37 Å. The basis sets included 6s, 6p, and 5d orbitals for Eu; 3s, 3p and 3d orbitals 

for Mg; 4s, 4p and 4d orbitals for Ga. The Eu 6p, Mg 3d and Ga 4d orbitals were treated by 

the Löwdin downfolding technique [19, 21, 22], and the Eu 4f wavefunctions were treated as 

core functions occupied by 7 electrons. The k-space integrations were performed by the 

tetrahedron method [24]. The self-consistent charge density was obtained using 436 

irreducible k-points in the Brillouin zone for the tetragonal cell.  

 

7.4 Results and Discussion  

 Figure 1 shows the powder X-ray diffraction patterns of the EuMgxGa4−x series (x = 

0.2, 1.0, 1.2, 1.6, 1.8, 1.9, 2.0, and 2.2). Intense peaks originate from the major phase, which 

is the tetragonal BaAl4-type phase, and can be indexed by the Rietveld method. As the larger 

Mg atoms increasingly replace Ga atoms in EuMgxGa4−x (metallic radii (CN 12): Mg = 1.598 

Å; Ga = 1.404 Å [25]), the unit cell volumes monotonically increase (see Table 1). Several 

less intense peaks from minor phases, e. g., EuGa2 and EuMg2, and other impurities are also 

observed. In particular, peaks from EuGa2 can be clearly identified for the patterns with 

loaded x = 1.8, 1.9, 2.0 and 2.2, and show decreasing intensity and peak-shifting toward 

larger scattering angle as the loaded x value increases. This could indicate Mg substitution 

for a small number of Ga atoms in EuGa2, which results in an orthorhombic KHg2-type 

EuMgxGa2−x phase.  However, further chemical analysis of this observation was not pursued,  
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nor was an upper bound for this phase region identified. Major peaks from trace amounts of 

EuMg2 were also observed at 2θ = ca. 35º for patterns with loaded x = 2.0 and 2.2.   

Three to five crystals were selected from each product for single crystal X-ray 

diffraction experiments. At least two crystals for each product were utilized for data 

collections, and consistency of refinement results was confirmed.  Important crystallographic 

data, atomic coordinates, equivalent displacement parameters and selected interatomic 

distances of six phases (x = 0.21(1), 0.91(1), 1.22(1), 1.78(1), 1.84(1) and 1.94(1)) are 

summarized in Tables 1-3. Table 1 also includes a comparison of the refined, loaded, and 

EDS-measured chemical compositions, all of which are in close agreement with each other.  

Thus, our synthetic approach did not lead to any significant changes in Mg content on 

cooling, and corresponding quenching procedures from the annealing temperature were not 

carried out. Furthermore, although we loaded an equal or excess amounts of Mg as compared 

to Ga, i.e., atomic ratios of Eu:Mg:Ga = 1:2:2 or 1.0:2.2:1.8, the refined maximum Mg 

content is 1.94(1) per formula unit. Therefore, we conclude that the upper limit of Mg 

content results in EuMg1.94(1)Ga2.06(1), which corresponds to 12.06(1) valence electrons.  

Moreover, the phase width of the EuMgxGa4−x series adopting the BaAl4-type 

structure can be identified as 0 ≤ x ≤ 1.94(1) based, in part, on our experimental results, 

which cover 0.21(1) ≤ x ≤ 1.94(1), and literature precedents, which reported EuGa4 [8, 9] and 

EuMg0.55Ga3.45 [15] as also adopting the BaAl4-type.  

Given the poor crystal qualities of two samples with loaded compositions x = 1.6 and 

2.0, we were unable to pursue single crystal X-ray diffraction experiments even after we 

tested twenty crystals for each product. EDS analyses were conducted for all eight 

compounds and these compositions agreed well with compositions refined by single crystal 

X-ray diffraction results for six samples (x = 0.21(1), 0.91(1), 1.22(1), 1.78(1), 1.84(1) and 

1.94(1)). These are also listed in Table 1. For the two compounds with poor crystal quality 

(loaded x = 1.6 and 2.0), EDS analysis yielded their chemical compositions, respectively, to 

be Eu1.03(3)Mg1.46(3)Ga2.51(3) and  Eu1.00(3)Mg1.91(3)Ga2.09(3).  

Figure 2 illustrates the crystal structure of EuMgxGa4−x.  Each example crystallizes in 

the BaAl4-type structure (space group I4/mmm, Z = 2, Pearson symbol tI10), which is one of 

the most widely adopted crystal structures among intermetallics [26, 27]. 
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Table 2.  Atomic coordinates and equivalent displacement parameters for EuMgxGa4−x (x = 0.21(1), 0.91(1), 
1.22(1), 1.78(1), 1.84(1) and 1.94(1)). 

Atom Wyckoff position Occupancy x y z Ueq
a) 

EuMg0.21(1)Ga3.79(1) 
Eu 2a 1 0 0 0 0.015(1) 
Ga 4e 1 0 0 0.3844(1) 0.016(1) 

Mg/Ga 4d 0.105(6)/0.895(6) 0 1/2 1/4 0.015(1) 
EuMg0.91(1)Ga3.09(1) 

Eu 2a 1 0 0 0 0.016(1) 
Ga 4e 1 0 0 0.3885(1) 0.018(1) 

Mg/Ga 4d 0.456(7))/0.544(7) 0 1/2 1/4 0.016(1) 
EuMg1.22(1)Ga2.78(1) 

Eu 2a 1 0 0 0 0.014(1) 
Ga 4e 1 0 0 0.3905(1) 0.016(1) 

Mg/Ga 4d 0.611(7)/0.389(7) 0 1/2 1/4 0.015(1) 
EuMg1.78(1)Ga2.22(1) 

Eu 2a 1 0 0 0 0.016(1) 
Ga 4e 1 0 0 0.3931(1) 0.018(1) 

Mg/Ga 4d 0.890(7)/0.110(7) 0 1/2 1/4 0.017(1) 
EuMg1.84(1)Ga2.16(1) 

Eu 2a 1 0 0 0 0.013(1) 
Ga 4e 1 0 0 0.3935(1) 0.014(1) 

Mg/Ga 4d 0.922(6)/0.078(6) 0 1/2 1/4 0.014(1) 
EuMg1.94(1)Ga2.06(1) 

Eu 2a 1 0 0 0 0.011(1) 
Ga 4e 1 0 0 0.3939(1) 0.016(1) 

Mg/Ga 4d 0.968(7)/0.032(7) 0 1/2 1/4 0.015(1) 

      a) Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
 

Table 3. Selected interatomic distances for EuMgxGa4−x (x = 0.21(1), 0.91(1), 1.22(1), 1.78(1), 1.84(1) and 
1.94(1)). 

Compound d(Eu-Ga) d(Eu-Mg/Ga) d(Ga-Ga) d(Mg/Ga-
Mg/Ga) d(Ga-Mg/Ga) 

EuMg0.21(1)Ga3.79(1) 3.352(1) 3.482(1) 2.495(2) 3.111(1) 2.635(1) 

EuMg0.91(1)Ga3.09(1) 3.352(1) 3.574(1) 2.514(2) 3.107(1) 2.696(1) 

EuMg1.22(1)Ga2.78(1) 3.3594(5) 3.6129(4) 2.509(2) 3.1163(4) 2.7282(6) 

EuMg1.78(1)Ga2.22(1) 3.396(1) 3.672(0) 2.492(2) 3.159(0) 2.788(1) 

EuMg1.84(1)Ga2.16(1) 3.401(0) 3.678(1) 2.487(1) 3.166(0) 2.796(1) 

EuMg1.94(1)Ga2.06(1) 3.415(0) 3.696(0) 2.489(1) 3.180(0) 2.812(1) 
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Figure 2. Crystal Structure of EuMgxGa4−x (0 ≤ x ≤ 1.94(1)). (Top) a layer of 2D square pyramids; (bottom, 
left) a unit cell of the BaAl4-type phase; (bottom, right) an 18-vertex Fedorov polyhedron. Grey sphere, Eu; 
green sphere, Mg/Ga mixed site; orange sphere, Ga.    

 

 

A body-centered tetragonal unit cell contains one Eu site at the Wyckoff site 2a (0, 0, 

0), one Ga site at the Wyckoff site 4e (0, 0, z) and one Mg/Ga mixed-site at Wyckoff site 4d 

(0, 1/2, 1/4).  The two sites occupied by the main group metals can be differentiated as the 

apical (4e) site  and the basal (4d) site, where the basal Mg/Ga atoms form two-dimensional 

(2D) square nets and the apical Ga atoms alternately cap above and below the planar square 

nets creating layers of square pyramids (Fig. 2, top) [28]. These 2D layers are connected to 

each other along the c-axis via two apical Ga atoms resulting in the 3D net 

c

a
b
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3 2
4[Mg Ga ]x x

−
∞ − (Fig. 2, bottom, left).  In terms of local coordination within this 3D net, the 

basal (4d) sites are surrounded by a distorted tetrahedron of apical (4e) sites; the apical sites 

are coordinated by a square pyramid formed by 4 basal sites and 1 apical site. The 

coordination environment of the Eu atom is an 18-vertex Fedorov polyhedron [7] (Fig. 2, 

bottom, right), formed by 8 basal Mg/Ga atoms and 10 apical Ga atoms. According to our 

results (see Table 1) and references 9 and 15, the c-axis lengths increase as the Mg content in 

EuMgxGa4−x increases across the entire series.  On the other hand, the a-axis lengths decrease 

in the region of 0 ≤ x ≤ 0.55, and then increase for greater Mg content.  Since the expansion 

of the c-axis is more significant (by ca. 0.94 Å) than changes along the a- and b-axes (by ca. 

0.12 Å), the unit cell volumes increase nearly linearly in a range of 206.5(9)- 237.28(6) Å3 

(for x = 0* [9] to 1.94(1)). 

This change in a unit cell volume clearly follows Zen’s law [31]. The expansion 

along the c-axis can be attributed to the increasing d(Ga-Mg/Ga) and d(Eu-Mg/Ga) values 

(see Table 3) as well as the apical-basal-apical atom angles surrounding each basal (Mg/Ga) 

site, angles which increase from 107.7º to 111.1º as x increases. On the other hand, the apical 

Ga−apical Ga distance decreases slightly from 2.514(2) Å to 2.487(1) Å as the Mg content 

increases.  These Ga−Ga distances are significantly shorter than the doubled metallic radius 

of Ga, which is 2.808 Å (rCN12(Ga) = 1.404 Å [25]), as well as other Ga−Ga bond lengths 

found in intermetallics such as EuGa2 (2.72 Å) [32], BaGa4 (2.66 Å) [1] and SmGaSb2 

(2.539(2) Å) [33].  However, these apical-apical distances are not sufficiently short to 

consider multiple bonding character between Ga atoms because Ga−Ga multiple bonds have 

been reported for reduced organogallium species with distances as short as 2.3-2.4 Å [34-36] 

as well as in Ga-cluster compounds, e.g., Na22Ga39, with a Ga−Ga distance of 2.435(7) Å 

[37] (see also Table 4).  Nevertheless, the apical-apical distances of 2.487(1)-2.514(2) Å are 

consistent with the double covalent radius of Ga, which is ca. 2.52 Å (rcov(Ga) = 1.26 Å [38]), 

but this radius has been determined from polar-covalent molecules in which Ga is a Lewis 

acid, such that electron density is shifted away from the Ga atom in the polar-covalent bonds.  

In this EuMgxGa4−x series, Ga has a “reducing” environment, surrounded by the 

                                                 
* Among four reports of the crystal structure of EuGa4 [8, 9, 29, 30], we selected the result [9] from the sample 
that had been prepared in a manner similar to our EuMgxGa4−x phases. 
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electropositive Eu and Mg atoms.  We return to this feature in a subsequent paragraph.  

Therefore, we conclude that apical Ga-apical Ga dimers found in this series have single 

bonded, covalent character. 

 
Table 4.  Ga-Ga distances observed in organometallic and intermetallics.    

Organometallics bond length (Å) description 

Trip2Ga−GaTrip2 [32] 2.515(3) single bond 

{GaPh}2
2− [33] 2.461  

Na{GaC6H3−2,6−Ph2}2  [33] 2.362  

[Trip2Ga−GaTrip2]− [32] 2.343(2) 1.5 bond 

Na[Mes*
2C6H3−Ga≡Ga−C6H3Mes*

2] [34] 2.319(3) triple bond 

Intermetallics bond length (Å) description 

EuGa2 [30] 2.72  average value  

CaGa  [36] 2.66 zigzag Ga chain 

BaGa4 [1] 2.66  

Na2Ga3Sb3 [37] 2.541(3)  

Na7Ga13 [35] 2.54 Ga15 cluster 

SmGaSb2 [31] 2.539(2)  

LaGa2 [38] 2.494 planar 63 net 

CaGa4 [1] 2.47  

LaGaBi2 [39] 2.466(2) planar Ga6 ring 

Na22Ga39 [35] 2.435(7) Ga15 cluster 

La13Ga8Sb21 [40] 2.422(5) slightly puckered Ga6 ring 

 
 

Mg atoms occupy only the basal (4d) sites, as previously observed in other examples, 

such as EuMg0.55Ga3.45 [15] and AEMgxIn4−x (AE = Sr, 0.85 ≤ x ≤ 1.53;  AE = Ba, 0 ≤ x ≤ 

1.79) [28].  However, no ordering between Mg and Ga atoms is observed within these basal 

sites for any of these compounds.  The observed site preference for Mg atoms does provide a 

rationale for the unusual trend in a-axis lengths in EuMgxGa4−x with Mg content: at low Mg 

levels, the first- and second-nearest neighbor basal (4d) sites surrounding a Mg (4d) position 

in the square net will be almost entirely Ga; when x reaches 0.5, i.e., EuMg0.5Ga3.5, then one-
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fourth of these neighbors becomes Mg atoms; and for Mg content above x = 0.5, the number 

of (4d)⋅⋅⋅(4d) nearest neighbor Mg⋅⋅⋅Mg contacts increases rapidly.  If we consider these 

Mg⋅⋅⋅Mg interactions to be repulsive and the corresponding Mg⋅⋅⋅Ga interactions to be 

attractive, then the a-axis lengths will go through a minimum value close to EuMg0.5Ga3.5, 

which is indeed observed by experiment. 

Although the site preference problem in these phases appears complex [1, 12, 13], 

there are two major factors influencing the outcome: relative electronegativities and atomic 

sizes between the component elements. According to theoretical studies conducted by 

Häussemann et al. [1], elements with greater electronegativity prefer the apical (4e) site, e.g., 

Ga atoms in SrMg1.7(1)Ga2.3(1) and BaMg1.7(1)Ga2.3(1) [1]. The same tendency is also observed 

in other examples, such as Zn atoms in REZn2Al2 (RE = La, Ce) [39, 40] and REZn1.66Al2.34 

(RE = Yb, Nd) [41] and In atoms in AEMgxIn4−x (AE = Sr, 0.85 ≤ x ≤ 1.53; AE = Ba, 0 ≤ x ≤ 

1.79) [28]. Our experimental results are consistent with these observations, where Ga atoms 

with greater electronegativity (Pauling values: Mg = 1.31; Ga = 1.81 [38]) occupy the apical 

(4e) sites, whereas Mg atoms are located only among the basal (4d) sites. 

To get a better understanding of the chemical bonding in these polyanionic networks 

and the coloring problem related to a site preference between Mg and Ga in EuMgxGa4−x, 

TB-LMTO-ASA calculations [19] were conducted for two different coloring schemes. We 

restricted computational focus to two hypothetical models of EuMg2Ga2: one coloring 

scheme placed Mg atoms solely at the basal (4d) sites, i.e., “EuMg2Ga2;” the alternative 

scheme placed Mg atoms at the apical (4e) sites, i.e., “EuGa2Mg2.” The lattice parameters 

and atomic positions were based on the crystallographic data of the EuMg1.94(1)Ga2.06(1) (see 

Table 1, 2), which has the closest composition to Eu:Mg:Ga = 1:2:2. The calculated total 

energies favor the placement of Mg atoms in the 4d sites over the alternative by 1.966 

eV/formula unit, i.e., 0.983 eV/Mg atom.  If we consider mixing of Mg and Ga atoms among 

all the apical (4e) and basal (4d) sites, the free energy calculation taking into account the 

resulting configurational entropy, (8 ln 2)R, predicts that the completely disordered 

arrangement achieves a lower free energy at temperatures exceeding ca. 2057 K, which is 

well above the temperatures used in the preparation of the EuMgxGa4−x phases. 
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Among the various contributions to the total energy, the band energy is the most 

influential contributing to this structural preference.  The tight-binding approach allows the 

band energy to be decomposed into a “site-energy” term and a “bond-energy” term [42].  In 

TB-LMTO, the “site-energy” term is calculated for each distinct site in the asymmetric unit 

by summing the products of occupation numbers and band centers for each atomic orbital.  

The “bond-energy” term is evaluated by the integrated COHP values.  Table 5 summarizes 

the results of this analysis for “EuMg2Ga2” and “EuGa2Mg2” based on the significant 

interatomic interactions: the observed distribution of Mg and Ga atoms is more favorable 

with respect to both the site-energy and bond-energy terms.  Favorable site-energy 

contributions arise from the Eu and Mg atoms, whereas the Ga site preference is dictated 

more by bond-energy issues, by forming Ga−Ga dimers between adjacent apical sites. 

 
Table 5.  Results of tight-binding analysis of site-energy and bond-energy terms in EuMg2Ga2 and EuGa2Mg2”. 

           EuMg2Ga2           “EuGa2Mg2” 
ETOT (eV)                0.000                 1.966 
EBand (eV)                0.000                 8.146 
    
Site energies (eV)    
Eu             −0.687                1.908 
Mg (2x)           −16.976                1.221 
Ga (2x)             −1.504            −19.164 
Total           −19.167            −16.035 
    
Bond energies (eV)    
Ga−Ga (1×)            −2.416 Mg−Mg (1×)            −0.940 
Ga−Mg (8×)          −11.124 Ga−Mg (8×)         − 10.722 
Mg−Mg (4×)            −2.708 Ga−Ga (4×)            −1.869 
Eu−Ga (4×)            −2.506 Eu−Mg (4×)            −1.577 
Eu−Mg (4×)            −1.454 Eu−Ga (4×)            −1.680 
Total          −20.208           −16.788 
    
Site + bond energies (eV)          −39.375           −32.823 
Relative total              0.000               6.552 
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A COHP analysis of the basal-basal interactions in “EuGa2Mg2”, which are the 

shortest Ga-Ga contacts in this model, shows much smaller integrated values throughout the 

occupied states than those for the apical-apical (Ga-Ga) interactions in “EuMg2Ga2”.  These 

COHP curves for “EuMg2Ga2” and “EuGa2Mg2” are illustrated in Figure 3. As a final 

outcome of this analysis, if we sum up the various site-energy and bond-energy terms for 

each structural alternative, the difference approximates the total difference in calculated band 

energies between them.  The discrepancy between the actual and estimated values arises 

because not all interatomic interactions are included in the bond-energy term.    

The density of states (DOS) curve for the preferred coloring of EuMg2Ga2 is 

illustrated in Figure 4, a curve which shows significant mixing among the valence orbitals of 

Eu, Mg and Ga atoms throughout most of the occupied region.  The DOS curve below the 

Fermi level (EF) displays three distinctive segments: (1) a region between −7 and −8.5 eV, 

integrating as a single crystal orbital, is primarily Ga 4s states, with small contributions from 

Mg and Eu valence orbitals; (2) a region between −5 and −7 eV, also integrating as a single 

crystal orbital, involves a significant mixture of Ga 4s and Mg 3s orbitals with small 

contributions from Eu wavefunctions; and (3) a region between 0 and −4 eV, holding 8 

electrons, consists of strong orbital mixing of Ga 4p, Mg 3s and 3p levels with Eu 5d states.  

A distinct ca. 0.7 eV gap separates regions (2) and (3).  The decomposition of the 

total DOS curve precludes the ionic formulation Eu2+(Mg2+)2(Ga2)6−, which would conclude 

a 12-electron Ga-Ga dimer. This dimer would be isoelectronic with O2 and exhibit double-

bond character. However, the observed Ga-Ga distances ca. 2.50 Å and the strong 

contributions from valence orbitals from both Mg and Eu atoms reinforce the concept of 

multi-center orbitals interactions in this polar intermetallic system [1].  

In the DOS of EuMg2Ga2, the Fermi level (EF), which corresponds to 12 valence 

electrons, is situated ca. 0.4 eV above a large peak and ca. 0.7 eV below a local minimum 

(“pseudogap”).  Again, the COHP analysis (see Figure 3) shows significant bonding 

character above the calculated Fermi level for Eu-Mg, Eu-Ga, basal-basal (Mg-Mg), and 

basal-apical (Mg-Ga) interactions, but the apical-apical (Ga-Ga) contact quickly changes to 

antibonding states above EF.  Furthermore, the slopes of these COHP curves at the 12-

electron Fermi level are quite large.  Therefore, the COHP analysis of EuMg2Ga2 suggests  
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Energy (eV)

-8 -6 -4 -2 0 2

EF 14 electrons

13 electrons

12 electrons

 
 
Figure 4 Density of states curves (DOS) for EuGa4, EuMgGa3 and EuMg2Ga2. Total DOS (solid line), Eu 
partial DOS (PDOS) (white region), Ga PDOS (gray region) and Mg PDOS (black region). The Fermi level is 
indicated by the dashed line and is the energetic reference (0 eV). 
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Figure 5.1. COHP curves of EuGa4. The Fermi level is indicated by the bold line and is the energetic reference 
(0 eV). The numbers of valence electrons, which correspond to the Fermi level, are also shown 
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 Figure 5.2 COHP curves of EuMgGa3. The Fermi level is indicated by the bold line and is the energetic 
reference (0 eV). The numbers of valence electrons, which correspond to the Fermi level, are also shown 
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Figure 5. COHP curves of EuMg2Ga2. The Fermi level is indicated by the bold line and is the energetic 
reference (0 eV). The numbers of valence electrons, which correspond to the Fermi level, are also shown 
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that an increase of valence electron count toward the Ga-rich compositions would be possible, 

but that a decrease toward more Mg-rich compositions would be prohibited [43], which 

agrees with our experimental results. 

To explore the influence of Mg content on the electronic structures of EuMgxGa4−x, 

DOS curves for EuGa4 and EuMgGa3 (Mg in a basal site) were also calculated and are also 

depicted in Figure 4. As the Mg content increases, the Ga valence s and p states show 

decreasing “delocalization” throughout the valence band.  This effect on the DOS curves 

occurs through increasing heteroatomic Mg-Ga orbital interactions and simply fewer Ga 

atoms per formula unit.  The DOS curves also indicate that a “rigid-band” approach to 

interpret the electronic structure of EuMgxGa4−x is not valid; the COHP analysis of the 

various pairwise interactions further confirms this (see Figure 5.1, 5.2, 5.3).  The stability of 

the observed EuMgxGa4−x phases with respect to disproportionation occurs primarily from 

optimum apical-apical bonds in these BaAl4-type structures.  The apical-apical COHP curves 

for EuMg2Ga2, EuMgGa3, and EuGa4 also show Fermi levels located at the energy where 

apical-apical orbital interactions change from bonding (below EF) to antibonding (above EF).  

Thus, the optimal valence electron count depends on chemical composition.  Furthermore, 

the DOS curves show a changing Ga character with increasing Mg content: the apical Ga 

atoms show more reduced character as demonstrated by the steadily increasing valence band 

centers for their 4s and 4p bands along the series EuGa4-EuMgGa3-EuMg2Ga2.  The apical 

Ga 4s band centers (listed with respect to their corresponding EF) increase from −9.52 

(EuGa4) to −9.31 (EuMgGa3) to −9.02 eV (EuMg2Ga2); the 4p band centers also increase 

from +4.51 (EuGa4) to +4.72 (EuMgGa3) to +4.99 eV (EuMg2Ga2).  Meanwhile, the valence 

band centers for Mg 3s and 3p orbitals remain essentially constant: 3s, −3.89 (EuMgGa3) and 

−3.85 eV (EuMg2Ga2); 3p, +4.66 (EuMgGa3) and +4.68 eV (EuMg2Ga2).  Thus, the 

electronic structure does vary with chemical composition in the EuMgxGa4−x series, but does 

control both the observed homogeneity width for stable phases as well as the site preference 

for Mg and Ga atoms. 
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7.5 Summary 

Eight ternary compounds in the EuMgxGa4−x series were synthesized and 

characterized using powder and single crystal X-ray diffraction as well as theoretical 

calculations to investigate the phase width and site preferences for Mg and Ga atoms. These 

compounds crystallize in the body-centered tetragonal BaAl4-type structure with Mg atoms 

preferentially occupying the basal (4d) sites. This site preference leads to an unusual decrease 

then increase in the a-axis length in EuMgxGa4−x as x increases, while the c-axis length 

increases. Furthermore, the site preferences between Mg and Ga atoms in the framework are 

influenced by both site-energy and bond-energy factors, with the more electronegative and 

smaller Ga atom occupying the apical sites. The electronic structures indicate that the DOS 

and COHP curves significantly depend on chemical composition, but provide a sound 

interpretation of the observed phase width and site preferences.   
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CHAPTER 8 

 

General Conclusion 

 

 
In this dissertation, I have presented my investigations to understand the 

interrelationships among stoichiometry, crystal structure, and physical properties of various 

polar intermetallic compounds RE-M-M'. The observed trends in phase behavior and crystal 

structures along this series can be attributed to the interplay among atomic sizes, valence 

electron counts, and types of chemical bonding, which can be estimated by the atomic 

electronegativities and their differences.  

Throughout the investigation of the Eu(M1−xM'x)2 series, I observed several different 

structure types, all of which are related to the AlB2-type structure. For instance, in the 

Eu(M1−xTtx)2 (M = Zn, Ga; Tt = Ge, Si) series, a structural variation was observed as the Tt 

content increased from the orthorhombic KHg2-type to the hexagonal AlB2-type, and finally 

to the trigonal EuGe2-type for the Eu(Zn1−xGex)2 series or to the tetragonal ThSi2-type for 

Eu(Ga1−xSix)2 series, respectively. As mentioned in a recent analysis, the structural stability 

of 6-electron and 8-electron AB2 phases can be understood using a structure map based on 

atomic size ratios and electronegativity differences. AlB2-type structures are preferred for 

large size ratios (VA/VB) and electronegativity differences (χB − χA), whereas the KHg2-type 

structure becomes preferred as the corresponding electronegativity difference becomes 

smaller while the size ratio remains constant. In our Eu(M1−xTtx)2 (M = Zn, Ga; Tt = Ge, Si) 

series, the atomic size ratio between cationic Eu and anionic elements, such as Zn, Ga, Ge 

and Si, is large. In addition, an electronegativity difference becomes larger, respectively, for 

the Eu(Zn1−xGex)2 (0 ≤ x ≤ 0.75) series as Ge content increases and  for the Eu(Ga1−xTtx)2 (Tt 

= Si, 0 ≤ x ≤ 0.82; Tt = Ge, 0 ≤ x ≤ 0.35) series as Tt content increases. This implies a switch 

from orthorhombic KHg2-type to the hexagonal AlB2-type phases. 

On the other hand, as the atomic size of Tt increases, in addition to the increasing 

number of valence electrons in the Eu(Ga1−xTtx)2 (Tt = Ge, Sn, x ≥ 0.5) series, the layered 
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hexagonal structure do not maintain its planar nets, but starts to pucker resulting in the 

YPtAs-type structure and more complex superstructures with expanded c-axis lengths. All of 

these structures may be described as puckered derivatives of the AlB2-type structure.  

The phase widths of the commonly observed AlB2-type structure (see Figure 1), of 

course, vary in each compound series because of the different interplay between atomic sizes 

and valence electron counts. However, we observed that the minimum number of valence 

electrons for which the AlB2-type phases remain stable with other arrangements should not 

be smaller than 8 throughout the whole system. Below this lower bound, the KHg2-type 

structure dominated.  

  

 
Figure 1. Phase width of the AlB2-type structure and the corresponding number of valence electrons in various 

compound series. 

 

For some compounds, all of which exhibited temperature-dependent electrical 

resistivities consistent with semiconducting or semimetallic character, the Zintl-Klemm 

electron counting rule is an attractive formalism to account for their structural and physical 

behavior. However, as presented in Chapter 3 for the Eu(Zn1−xGex)2 series, this rule could 

account well for some compositions, but did not account for others. Therefore, theoretical 

electronic structure calculations are imperative, and have been conducted and analyzed to 
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complete these investigations, so as to understand the structural and bonding features of the 

entire Eu(M1−xM’x)2 series.  

Theoretical electronic structure calculations using the TB-LMTO-ASA method were 

very powerful to understand phenomena, such as structural stability and site preferences 

among elements. In particular, electronic energy comparisons obtained using different 

structure models, which included both observed and hypothetical models, could show the 

preferred structure for a given composition. Moreover, DOS and COHP curves could be used 

to analyze specific orbital interactions and bonding character. ELF analysis was adopted to 

analyze the motion of electron pairs in real space, which included the direct interaction 

between atoms and lone pairs, and showed an unusual four-center interaction in EuGaSn. 

The VASP code was exploited extensively for many hypothetical as well as observed 

structural models. In particular, dynamic calculations, which allow relaxing a structure (cell 

shape, cell volume and atomic positions) were very useful to find energetically optimum 

structures.         

During my investigation of the coloring problem of the YMg1−xTr1+x (Tr = Zn, Al, Ga, 

In) series, I found that the three elements presented a specific ordering to minimize Tr⋅⋅⋅Tr 

interactions while maximizing Y-Tr and Mg-Tr interactions. In the study about the phase 

width and site preferences of the EuMgxGa4−x series, I showed that the site preferences 

between Mg and Ga atoms in the framework were influenced by both site-energy and bond-

energy factors as well as the electronegative and atomic size effects. In both investigations, 

the electronic structures indicated that the DOS and COHP curves significantly depended on 

chemical composition, but provided a sound interpretation of the observed phase widths and 

site preferences. 
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Appendix B: Structural Information for VASP Calculation 
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Appendix C: Single Crystal Structure of Y0.82Ce0.18Mg4.07 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           Table 1. Crystallographic Data of Y0.82Ce0.18Mg4.07 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Formula Y0.82Ce0.18Mg4.07 (Y9.05Ce1.95Mg44.77) 

Structure type GdMg5-type (defect type of Sm11Cd45) 

Space Group F-43m (no.216) 

Lattice parameters (Å) a = 22.443(2)) 

Volume (Å3) 11303.7(1) 

Z 88 

Density calculated (g cm−3) 2.555 

Theta range 1.57 to 28.29° 

Index ranges 
− 28 ≤ h ≤ 28 
− 29 ≤ k ≤ 29 
− 29 ≤ l ≤ 29 

Reflections collected 25038 

Independent reflections 1425 [Rinit = 0.1171] 

Data/refined parameters 1425/74 

GOF on F2 1.038 

Final R indices [I > 2σ(I)] 
R1 = 0.0507, 
wR2 = 0.1040 

R indices (all data) 
R1 = 0.0688, 
wR2 = 0.1121 

Largest diff. peak and hole (e−/Å3) 1.933 / −0.830 
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Appendix D: Crystal structure of the Y5−xMg24+x Series 
 
 
 
 
 
 
 
 
 
 
 
 
 
            Table 1. Crystallographic data of Y5−xMg24+x (x = 0.18)  

 
 
 
    Table 2. Atomic Coordinates and Equivalent Isotropic Displacement Parameters of Y5−xMg24+x (x = 0.18) 

 
 

Formula Y3.82(2)Mg25.18(2) 

Structure type α-Mg 

Space Group I-43m (no.217) 

Lattice parameters (Å) a = 11.253(1) 

Volume (Å3) 1425.0(2) 

Z 2 

Density calculated (g cm−3) 2.396 

Theta range 2.56 to 27.79° 

Index ranges 
− 14 ≤ h ≤ 14 
− 14 ≤ k ≤ 14 
− 14 ≤ l ≤ 14 

Reflections collected 6268 

Independent reflections 350 [Rinit = 0.520] 

Data/refined parameters 350/18 

GOF on F2 0.968 

Final R indices [I > 2σ(I)] 
R1 = 0.0164, 
wR2 = 0.0262 

R indices (all data) 
R1 = 0.0199, 
wR2 = 0.0266 

Largest diff. peak and hole (e−/Å3) 0.243 / −0.165 

Atom Wyck. Occ. x y z Ueq 

Y1 2a  0 0 0 0.013(1) 

Y2/Mg1 8c 0.706(3)/0.293(3) 0.1867 0.1867 0.1867 0.015(1) 

Mg2 24g  0.0906 0.0906 0.2805 0.019(1) 

Mg3 24g  0.3572 0.3572 0.0351 0.022(1) 
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Loaded Refined (SXRD) 
Lattice parameters 

SXRD PXRD 

Y/Mg/In (5/35.2/2) 3.56(1)/25.44(1) a = 11.231(2) a = 11.224(2) 

Y/Mg/Ga (5/36.5/1) 3.705 / 25.295 a = 11.231() a = 11.229(0) 

Y/Mg/Ga (5/23/1) 3.73 / 25.27 a = 11.237(1) ----- 

Y/Mg/Ga (5/23/1) 3.76 / 25.24 a = 11.250(1)  a = 11.250(0) 

Y/Mg (3.6/25.4) 3.88 / 25.12 a = 11.252(2) a = 11.247(0) 

Y/Mg (3.9/25.1) ----- ----- a = 11.248(0) 

Y/Mg (4.2/24.8) ----- ----- a = 11.249(1) 

Y/Mg (3.7/25.3) 3.82 / 25.18 a = 11.253(1) a = 11.256(0) 

Y/Mg/Ga (5/22/2) 3.85 / 25.15 a = 11.254(1) a = 11.254(0) 

Y/Mg (5/36.65) 3.93 / 25.07 a = 11.259(1) a = 11.259(1) 

Literature 4.750 / 24.250 a = 11.278 --- 

Figure 8. Lattice Parameter Changes as a Function of the Y amounts for the Y5−xMg24+x Series  
 

Table 3. Lattice Parameters of the Y5−xMg24+x Series 
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